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A BSTRA CT
This thesis reports an investigation into the olfactory preferences of three Australian 
Megachiropteran species, Pteropus poliocephalus, P. scapulatus and P. alecto, for a 
variety of plant-derived odours.
Methodologies were devised for investigating odour preference behaviour, involving 
equipment design, development of new applications for existing statistical techniques for 
the analysis of preference data, and analysis of odorous headspace in test mixtures and 
from flowers in the field.
Initially, preliminary behavioural observations (Section II) indicated that all three bat 
species exhibited positive approach behaviours in response to fruit-derived odours and 
that they responded both within and between species to different quantities of test odour, 
0.5mL of test odour distillate at a decision distance of 125mm producing the optimal 
responses in P. poliocephalus and P. scapulatus, with P. alecto responding with equal 
intensity to all odour quantities. A common behavioural ethogram was devised for 
Pteropus, and applied to more detailed analyses of preference responses. These revealed 
that within each species, bats expressed different degrees of preference for different 
odours under controlled conditions. When odour preferences within a species were 
ranked on a decision axis, odour pairs with low separation values were more likely to 
change in rank position than those further apart. Not only then was each species able to 
detect fruit odours, but also they could discriminate between different odour types.
Patterns of preference for the same test odour stimuli were not the same when compared 
across species. P. poliocephalus and P. scapulatus preference hierarchies had distinct 
regions of clustering of odours where the outcomes of pair-wise choices were variable. 
In contrast, odour comparisons on P. alecto ranks produce more definitive outcomes, 
with the most significant agreement in preference patterns across individual bats.
The existence of preference intransitivity in all three species indicated that these bats 
employ a comparative method of odour evaluation as opposed to an absolute utility 
method often described for foragers with transitive preferences. Thus for these bats the 
'value' of odours is dependent upon the context within which the odour comparisons are 
made. Those odours with low levels of separation on the preference hierarchies were 
more frequently associated with preference intransistivity. Furthermore, the more 
generalist feeder P. alecto appeared to have the highest sensitivity to variation in odour 
concentrations, suggesting that dietary specialisation does not necessarily coincide with 
olfactory acuity.
These bats did not select odours on the basis of absolute concentration or intensity, but on 
qualitative characteristics. The potential for the development of odour-active agents to 
interfere with bats' odour preference behaviour, in relation to reducing bat damage is 
substantial. The continuation of Gas Chromatographic - Olfactometric (GCO) 
investigation of odours involved with high incidences of preference intransitivity is 
strongly recommended, as is further study of bat-flower volatile interactions.
Until now it has not been possible to state with absolute confidence that non-echolocating 
Megachiropterans are capable of detecting and discriminating between food-related 
odours. The speculation regarding Pteropus using their sense of smell to locate food 
odours, and the potential for developing odour deterrents can now end. Further studies 
on these topics are now warranted and feasible with the use of the techniques here 
developed.
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SECTION I: BACKGROUND MATERIAL
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Chapter 1. General Introduction
2
1.1 Importance of Flying-Foxes
Flying-foxes share a long evolutionary history with angiosperms, and it is widely 
accepted that they play an important role in forest ecology via the dispersal of seed and 
pollen (Ratcliffe 1931; van der Pijl 1957; Start & Marshall 1976; Marshall 1983; 
Fleming 1987; McCoy 1990; Eby 1991a, 1991b; Fujita & Tuttle 1991; Cox et al. 
1991,1992; Pierson & Rainey 1992; Richards 1995). This role is particularly crucial in 
the Old-World tropics, where it is now known that at least 289 plant species rely upon 
large populations of bats for propagation (Fujita 1991; Fujita & Tuttle 1991). Not only 
do many rain forest plant families such as Bignoniaceae and Bombacaceae benefit 
(Marshall 1985) but in Australia many temperate Myrtaceae are pollinated and spread by 
Pteropus species (Recher 1981). Large P ter opus species are strong fliers (Kingdon 
1974; Nowak & Paradiso 1983; Carpenter 1986), their movements between day roosts 
and feeding areas are often many tens of kilometres in a single night (Ratcliffe 1932; 
Ferrar 1934; Marshall & McWilliam 1982; McWilliam 1985) and many hundreds of 
kilometres seasonally (Nelson 1965b; Wiles & Glass 1990; Eby 1991a). The potential 
for these animals to effect long distance pollen and seed movement is therefore very high. 
As such these bats are an integral component of the mechanisms that maintain genetic 
diversity in many of the worlds forests.
Until recently the role of flying foxes in the ecology of forests has received little attention 
(Mickleburgh et al. 1992). Not only are these bats being recognised by biologists as 
important for the health of forests, but many agriculturalists are recognising their value as 
pollinators of economically important plant species (Fujita & Tuttle 1991; Wiles & Fujita 
1992). Products such as timber, fruits, tannins and pharmaceuticals are derived from bat- 
pollinated plants, and at a conservative estimate they are thought to service products 
worth up to US$ 100 million per year worldwide (Anon. 1992).
The value of Pteropus scapulatus in Australia has long been recognised by itinerant 
apiarists, who have been known to site their hives in response to the local movements of 
this species as a predictor of where nectar is likely to be in flow (Clemson 1985). Bee 
keepers believe that the bats used their sense of smell to locate the trees with flowers in 
full nectar flow (Sommerville - pers. comm.1). This has stimulated research on the 
interaction between bats, bees and floral odours in an attempt to assess whether olfactory 
cues influence pollinator visitor behaviour (Moncur et al. 1994; Ch. 10 - this study).
The economic value of Pteropus has often been investigated in relation to their adverse 
effects on commercial fruit crops. P. poliocephalus faecal samples contain commercially 
cultivated fruit only when in a poor flowering period of preferred native food plants, or 
when insect attacks damage native blossom (Parry-Jones & Augee 1989). Nonetheless, 
the attraction of flying-foxes to cultivated fruit is a real phenomenon and is seldom 
beneficial to the fruit grower (Tidemann & Nelson 1987). It is these occasional 
depredations on commercial fruit with associated economic losses, that brings flying- 
foxes to the attention of agriculturalists and researchers (Fleming & Robinson 1987; 
Tidemann 1987; Jamieson 1988; Lim et al. 1993; Oldfield 1993b). During the period 
1984-1987 flying-foxes were responsible for approximately $20 million of fruit loss in
Australian Bee Keepers Association, Goulburn, NSW.
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Queensland alone (Jamieson 1988). Another severe "bat year" occurred in 1989 and on 
both occasions it was noted that native food sources were poor.
Other examples of such bat damage occur throughout their world-wide distribution 
(Fig. 1.1; Jacobsen & DuPlessis 1976; Jacobsen 1979; Advani 1982; Makin & 
Mendelssohn 1986; Ratanaworabhan & Felten 1986; Wahl 1993). A variety of 
destructive control methods have been developed, such as shooting, flame-throwers, 
electrocution and use of poisons, but no data to support their effectiveness (Wahl 1994). 
In localised areas the use of destructive control methods has had a significant adverse 
effect on flying-fox populations. Within the last fifteen years surveys throughout the 
distribution of Pteropodidae (Ratcliffe 1931; Nelson 1965b; Perez 1972; Cheke & Dahl 
1981; Wiles & Glass 1990; Mickleburgh et al. 1992) have reported significant reductions 
in fruit bat populations. Continued trading of these bats for human consumption, 
particularly between Indian and Pacific Ocean island countries, has led to nine Pteropus 
species being listed as endangered in CITES Appendix 1 (Bräutigam & Elmqvist 1990; 
Mickleburgh et al. 1992). The recent IUCN Action Plan for Old-World Fruit Bats 
specifically recommended as high priority projects for future research, interaction 
between bats and fruit-growers and the role of bats as "keystone" species in forests.
Exclusion netting appears to be the only non-destructive and effective control method 
used to date. The development of non-destructive control methods would be greatly 
assisted by the elucidation of fundamental information regarding the olfactory abilities of 
these animals, as it has long been supposed that odour plays an important role in the 
feeding behaviour of Pteropus species (Ratcliffe 1931).
1.2 Flying-Fox Behaviour and Food Odours
The ability of fruit bats to locate food sources, sometimes over considerable distances, 
has been known for many years. Exactly what cues the animals use to assist them in 
their search for these food sources is not known and has been the subject of much 
speculation. Ratcliffe (1931) suggested that flying-foxes located their food solely by 
olfaction rather than visual cues. Since his pioneering work, many researchers have 
agreed with Ratcliffe without producing the empirical evidence from controlled 
experimental trials to support such an hypothesis. Tidemann and Nelson (1987) drew 
attention to this anomaly when they stated, "We do not know, for example, how flying- 
foxes locate their food, although we can speculate that smell and vision are involved". 
Indeed, at the very conference where these authors presented their paper, which brought 
together the current knowledge on Australian pteropodids, no single specific item was 
included on olfaction in these animals. This in spite of the topic being given cursory 
mention in one-quarter of all the papers presented.
To date the behavioural investigations of odour detection by fruit-eating bats have been 
dominated by studies on New world phyllostomids (Jimbo & Schwassman 1967;
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Bhatnagar 1972; Schmidt 1975; Schmidt & Schmidt 1978; Wolff 1981; Laska 1989, 
1990a, 1990b; Laska, et al. 1986; Laska & Schmidt 1986, 1989; Burghardt & Schmidt 
1990; Schmidt 1992). Only Rousettus aegyptiacus has been similarly studied among the 
pteropodids (Möhres & Kulzer 1956; Kulzer 1958, 1979; ). The reasons for the 
omission in research effort are unknown but may be related to the difficulty in studying 
large pteropodids in the field and maintaining them in captivity. What evidence there is 
for olfaction in pteropodids is largely either anecdotal or based on anatomical 
investigations (Ch2 for review). R. aegyptiacus for instance is known to attack fruit 
crops most severely when fruit is left to ripen on the trees (Makin & Mendelssohn 1986). 
Similarly, crop damage by bats in Thailand is worst when those types are grown, such as 
longan, langsat and lychee that have to be left on the trees until they are fully ripe (P. 
Ferrar - pers. comm2; Ratanaworabhan & Felten 1986). This, and other observations led 
Tidemann and Nelson (1987) to speculate that climacteric ripening or physical damage 
resulting in increased ethylene production might provide olfactory cues to assist the 
location of fruit by flying-foxes.
The present study is the first of its kind to address this issue in pteropodids.
1.3 Study Background
A summary of current knowledge on the use of odours by bats is presented in Chapter 2. 
With the exception of the present study, there is no experimental evidence on the ability 
of non-echolocating pteropodids to selectively attend to and discriminate among food- 
derived odours. There is little practical advice that can be offered regarding non­
destructive control of these animals as there is a lack of evidence to support a role for 
olfaction in food location in pteropodids (other than that for Rousettus aegyptiacus 
[Möhres & Kulzer 1956; Kulzer 1958, 1979]).
1.3 .1  Aims and Objectives
If flying-fox feeding behaviour is influenced by odours then the animals must be able to 
detect the odours and produce the appropriate response behaviours if sufficiently 
motivated (Mackintosh 1985).
At the outset it was therefore necessary to identify where the appropriate gaps in current 
knowledge existed in relation to odour-mediated feeding behaviour in pteropodids. The 
extensive survey of the literature in Chapter 2 addresses this particular objective. The 
experimental investigation of olfactory ability in Australian pteropodids required the 
design and construction of suitable equipment in order to demonstrate food odour 
detection, as there was no evidence that such equipment had previously been used in 
similar studies with bats. It is also thought likely that different Pteropus species appear to 
have specific "preferences" for native and non-native foods (Ratcliffe 1931; Parry-Jones 
& Martin 1987; Parry-Jones & Augee 1991; MacDonald 1991). What is not known, 
however, is what the preferences are, how they are formed and on what basis the
ACIAR
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decisions between alternative foods are made. Furthermore, if species differences in 
odour preferences do exist and can be demonstrated experimentally, then this would be a 
significant advance in knowledge of possible influences on feeding behaviours in wild 
animals.
This research project therefore attempted to address the following aim and general 
objectives:
(a) Aim:
To investigate the ability of several Pteropus species to attend to, and discriminate 
between, a variety of food-derived odours.
(b) General objectives:
(i) To design, construct and test apparatus suitable for measuring olfactory preferences 
of large pteropodids in the laboratory environment.
(ii) To modify existing behavioural methods for measuring olfactory preference, so that 
they can be used with large, non-hovering, frugivorous bats.
(iii) To determine whether the three most common Pteropus species in Australia, ie 
Pteropus poliocephalus, P. alecto and P. scapulatus differ in their ability to detect 
and discriminate between food-related odours.
(iv) To discover whether chemical compositions of target odours are related to, or 
indeed influence patterns of odour preference in flying-foxes.
These general aims and objectives were based on the following working hypotheses:-
(i) That Pteropus species have a sufficiently well developed olfactory sense to enable 
them to use olfactory cues to aid their short-range orientation in relation to the 
presence and position of food sources.
(ii) That the sense of smell in flying-foxes is sufficient to enable analysis of the odour 
mixture emanating from a fruit or blossom prior to selection and consumption of 
that particular food item.
(iii) That differences in preferences for food-derived odours between each of the three 
study species are related to their reported preferences in the wild.
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1.3.2 Research Structure and Thesis Outline
The large pteropodids are known for their relatively long foraging flight distances. It was 
deemed necessary to have fine control over concentrations of odours presented to the 
animals, therefore a study of wild caught animal in captivity was the only logical way to 
proceed in the first instance. This allowed close observation and control, plus the ability 
to determine whether the bats had an ability to detect odour signals.
An extensive period of preliminary studies was needed, (i) to ensure that the bats were 
stabilised in captivity prior to any trials, (ii) to archive the feeding postures and approach 
behaviours for identification of appropriate responses to odour stimuli, and (iii) to collect 
initial response data for calibrating odour concentrations in later trials. The monitoring 
during maintenance and stabilisation is described in Chapter 3. The continuation of the 
preliminary studies to behaviour archiving is described in Chapter 4, from which result 
the complete suite of food and odour approach postures are described in the Pteropus 
ethogram. The behaviours identified in the ethogram were used in the initial odour 
preference trials (Chapter 5). The pre-studies comprising Section II were therefore 
critical in determining whether the main behavioural trials were indeed feasible or likely to 
produce reliable data. There followed the main trials for each of the three species (Section 
III; Chapters 6 - 8) and the subsequent rigorous chemical analyses of test stimuli to 
address the possibility of choices of odours being chemically based (Section IV; Chapter 
9).
The thesis was therefore written in a logical, cumulative progression, as an unfolding 
story with each stage being stimulated and designed on the basis of prior results. 
Preliminary chemical analyses were carried out in between trials, but the detailed analyses 
followed the main body of Section III preference trials.
8
Chapter 2. Olfaction and Feeding Behaviour in the Chiroptera: A Review
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2 .0  Introduction
For many mammals, odours are the most potent of sensory cues (Beauchamp 1993). As 
a result the sense of smell has been put to many uses in mammals. Particular emphasis 
has been placed on its overriding importance in the coordination of reproductive 
behaviours (Stoddart 1980, 1990 for review). The contribution of olfaction to feeding 
however, has received significantly less attention. In order for a mammal to survive it 
needs to be able to make decisions about such things as what food to eat or where to find 
it. Such decisions must be based on an analysis of perceptual input from all of its 
sensory systems (Stoddart 1980). Olfaction is only now being recognised as potentially 
extremely important in food location and the study of olfactory systems has developed 
rapidly in recent decades (Beauchamp 1993).
Non-echolocating bats have been presumed to be "vision and olfaction dependent", both 
in terms of reproductive and social behaviours. The contribution of olfaction to feeding 
behaviour in bats has only been addressed in relation to the development of certain 
anatomical structures (Cooper & Bhatnagar 1976). This chapter aims to review current 
knowledge of olfaction in bats with specific reference to feeding. A comparison of the 
olfactory abilities of bats, in particular Megachiropterans, is made with other members of 
the class Mammalia.
2.1 Odour-Mediated Behaviour in the Chiroptera
Much supposition and anecdotal evidence pervade the literature regarding olfaction and 
food location in bats (Bhatnagar 1972, [p. 9-10]; Wolff 1981; Fenton 1985; Schmidt 
1985, for reviews). A recent major bibliography on the Megachiroptera revealed few 
studies on olfaction in this sub-order (Morse 1987). Investigations of olfaction in bats 
has been dominated by studies on frugivorous and sanguivorous Microchiroptera. 
Conclusions regarding olfactory ability in these bats have been largely implied from 
revelations of an anatomically well developed olfactory system and the widespread 
distribution of scent glands (Quay 1970; Schmidt et al. 1989). The relatively few 
physiological and behavioural studies on Microchiroptera (Schmidt & Greenhall 1971; 
Bhatnagar 1972; Obst & Schmidt 1976; Schmidt & Schmidt 1978; Wolff 1981; Laska 
& Schmidt 1986, 1989; Laska 1989, 1990a, 1990b) and even fewer on Megachiroptera 
(Möhres & Kulzer 1956; Oldfield 1993a, 1993b) clearly indicates the overwhelming 
dependence of ideas regarding olfaction in bats on anatomical studies.
Other than in food location, the use of scent marking of isolated areas is well known, 
especially in relation to territorial establishment, defence in sexual behaviours and in 
recognition of conspecifics (Nelson 1963, 1965a; Lane 1983; Fenton 1985; Martin 
et al. 1995). To achieve this scent marking members of many bat families posses 
secretory glands at one or more of interaural (Molossidae), facial (Nycteridae, 
Rhinolophidae, Hipposideridae, Natalidae), pararhinal (Rhinopomatidae), labial 
(Em ballonuridae, Phyllostom idae, V espertilionidae), gular (Phyllostom idae, 
Vespertilionidae, Molossidae) and several other sites (Quay 1970; Fenton 1985). 
Pteropodids possess scent glands at neck, shoulder, paraanal (males only) and postanal 
(males and females) areas (Quay 1970; Waldon 1992), although in many instances the
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functional significance of these secretions is largely unknown. In P. poliocephalus and 
P. scapulatus, the frequency of smell interactions in males varies according to 
testosterone secretion and epithelial thickness of secretory glands (Waldon 1992). 
Furthermore, the 'sebaceous odours' from these secretions were thought to be related to 
individual recognition and social status. No attempt, however, was made to characterise 
the components of the odour and assess their behavioural effects.
Bilateral shoulder and neck glandular areas found in the essentially frugivorous 
phyllostomids (Davis et al. 1964) might function in a similar manner to that for their 
Megachiropteran counterparts suggested by Nelson (1965a). His proposal was that small 
groups of bats established territories and associated behaviours in reproducing and 
maintaining maternal groups, and extended these to feeding areas. The associated scent 
marking and agonistic behaviours could also extend, but Puddicombe (1981) was at 
variance with Nelsons' view, because if this was the case the mother and young would 
have to leave the day camp together, which he did not find in his own observations. 
Olfactory cues have been recognised as important in mother-young interactions for other 
Pteropodidae (Kulzer 1958, 1961; Neuweiler 1969), Phyllostomidae (Gould 1977; 
Porter 1979; Kleiman & Davis 1979), Vespertilionidae (Turner et al. 1972; Kunz 1973; 
Brown 1976; Thompson 1980; Swift 1981; Watkins & Shump 1981) and Molossidae 
(Davis et al. 1962; Kulzer 1962), however the active components and their elicited 
behavioural responses have not yet been investigated.
Hickey and Fenton (1987) studied glandular mid-dorsal and body hairs in 27 species of 
pteropodid and molossid bats. They found differences that were consistent with a scent 
dispersing function, as found for osmetrichia in some other mammals (Müller-Schwarze 
& Volkman 1977). Spencer and Flick (1994) have undertaken preliminary analyses of 
P. conspicillatus urine volatiles to reveal soluble fatty acids, but no behavioural work has 
been undertaken to try to assess the activity of the components of the secretion. Further 
investigation involving chromatographic analyses of the volatile and non-volatile 
components of the scent marks, similar to that performed for Callitrichidae (Epple et al. 
1981) is indicated for frugivorous Micro- and Megachiropterans to enable a complete 
understanding of olfaction in food location and sexual behaviour of these animals. (For a 
more extensive review of olfaction in social and reproductive behaviours, see Schmidt 
1985.)
2.2 Chiropteran Olfaction and Food Location Behaviour
Bats stand out among mammals in the unusually high degree of divergence they show in 
dietary habits (Walker 1975). In exploiting a wide variety of food sources throughout 
their worldwide distribution they have adopted an impressive array of sensory 
mechanisms to assist them in food location, selection and hence improve foraging 
efficiency. Insectivorous Microchiroptera are dominated by echolocation in prey capture 
whereas frugivorous species are thought to be visually and olfactarily adapted for food 
location (Fleming 1988). Evidence for the latter has been largely speculative from 
anatomical and field reports. Nonetheless it is significant and reveals that many 
chiropteran families have differing degrees of olfactory capabilities for finding food.
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2.2.1 Anatomical Features and Olfactory Capability in Bats
Relating form to function in animal life goes back at least to Aristotle, and anatomical 
structure of olfactory systems has occupied anatomists and bat biologists for many 
decades. Much current knowledge on olfaction in bats relies upon such anatomical 
studies. Darwin (1859) noted that "...the more diversified in structure the descendants 
from any one species, the more places they will be enabled to seize on and the more their 
modified progeny will increase". The beginnings of such a process of diversification are 
observed in bats, particularly in relation to their feeding behaviours (Leaky 1979). 
Olfactory anatomies differ greatly in the degree of development and complexity across 
chiropteran genera. This diversity in structure probably allowed bats to develop the wide 
array of dietary types and foraging behaviours, which in turn was reflected in changing 
anatomy (Bhatnagar 1972).
2.2 .1.1  External Anatomy
Mammalian nasal anatomy is rich with examples of static devices that alter the flow and 
condition of the inspired air. The Chiroptera in particular among mammals have an 
extensive array of adaptations in this regard (Moulton 1967). The anatomy of the 
external nares ensures that the stream of inspired molecules enter at the correct volume 
and direction (Stoddart 1980). According to Schmidt (1985), the external nares in bats 
show little differentiation, but there is much variation in the skin folds around the 
nostrils, from horseshoe-shaped folds (Rhinolophidae, Hipposideridae) to spear-like 
folds (Phyllostomidae). In its most elaborate form are the folds around mouth and 
nostrils in the pteropodid, Hypsignathus monstrosus the function of which remains 
undetermined. Many pteropodids have manoeuvrable nostrils to a limited extent, as is the 
case with P. poliocephalus  (Fig. 2.1). This is further emphasised in Balionycteris  
maculata, Casinycteris argynnis and many Cynopterus species, ending in the extreme 
expression in the tube-nosed bats Paranyctimene raptor, all Nyctimene species and one 
vespertilionid, Murina jlorium. Andersen (1912) considered the tube-like scrolls of skin 
(often reaching a length of over 5mm) in Nyctim ene  spp. as the extreme of this 
'manoeuvrable nostril' tendency found in other pteropodids. The existence of similar 
structures in Murininae (Vespertilionidae) led Stoddart (1980) to suggest that tubular 
nostrils have evolved twice in the Chiroptera.
Whatever the debate as to their origins, there has been as yet no consensus as to the 
specific function of these structures when expressed in their extreme form. Negus 
(1958) could not offer any explanation for their function in Harpiocephalus (probably 
formerly Vespertilio cephalotes [Pallas 1767, in Andersen 1912], now Nyctim ene  
cephalotes). Moulton (1967) proffered the explanation that the greater the distance 
between the nostrils the better able is the animal to detect odour concentration differences 
in an airstream and hence lead to greater discrimination. A further extension of this idea 
forwarded by Stoddart (1980), that the tubes might allow the bat to utilise tropotactic 
orientation whilst in flight, since klinotactic head wagging would interfere with flight 
dynamics (Stoddart 1980). Prince (1968) stated "the wider apart the nostrils are, the 
better equipped is an animal to find a food source in the dark". This places pteropodids, 
especially the tube-nosed species in a particularly advantageous position within the Order.
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Fig. 2.1 External nares of an adult male P. poliocephalus. (note scrolling of nares and 
degree of separation; Photo. D. Claridge)
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The tubular nares are independently manoeuvrable. Nyctimene robinsonii often roosts 
during the daytime at the base of the tree canopy, when approached it usually remains 
completely motionless (relying on camouflage to avoid detection), except for the 
movement of the tubular nostrils, presumably enabling constant sampling of the air for 
odours (C. Tidemann - pers. comm.3).
The external nares in the Chiroptera therefore appear to serve the general function of 
contributing to maintaining the volume and direction of the airstream into the nasal 
passages and over the sensory (olfactory) epithelium (Stoddart 1980). Presumably 
members of the Murininae and Nyctiminene have the greatest degree of control over the 
airstream entering the nasal apparatus, but in these examples more research in their 
olfactory capabilities is clearly indicated (Oldfield 1993c, 1994; Hall & Pettigrew 1995).
2 .2 .1 .2  Olfactory Epithelium
In mammals, sensory olfactory epithelium is supported by endo- and ectoturbinal ridges 
of the ethmoturbinal bone and by the cribriform plate of the ethmoid bone (Stoddart 
1980). Turbinates vary slightly in number in the Chiroptera, according to Schmidt 
(1985) there being 3-4 endoturbinates and two ectoturbinates. Their importance in 
olfaction is related to the extent of olfactory epithelium that can be supported. A more 
complex configuration of the ethmoturbinates predisposes for a relatively larger surface 
area for olfactory epithelium and hence an expectation of greater olfactory acuity in the 
animal (Bhatnagar 1972). Paulli (1900) fully described variation in the size and shape of 
turbinals in mammals, but more specific and detailed descriptions for the Chiroptera were 
provided earlier by Allen (1882) and have not been superseded to date.
Variations in numbers of ecto- and endoturbinals in bats are shown in Tab. 2.1 which 
reveals that the constancy suggested by Schmidt (1985) of 3-4 endoturbinates and 2 
ectoturbinates is not quite apparent. In some instances ectoturbinals were not found 
(.Rhinopoma microphyllum, Natalus stramineus, Lavia frons and Rhynconycteris spp.) 
and others (Carollia brevicaudata, Vampyrops spp.) had more than four endoturbinates. 
Additional to variation in numbers of turbinals, bat species differ in the configuration and 
pattern of attachment, most turbinates arising from the cribriform plate of the ethmoid 
bone (Allen 1882). Infolding of the conchae nonetheless enlarges the olfactory area and 
is much more pronounced in bats with well developed and demonstrated olfactory 
abilities (Bhatnagar & Kallen 1974a; Schmidt 1988). In D. rotundus, for example, 
endoturbinal II, derived from an epiturbinal of ectoturbinal I, appears as a separate concha 
that alone sets it apart from the rest of the Phyllostomidae. The result is that because of 
the increased surface area provided by this arrangement, nearly 60% of the cavum nasi is 
composed of olfactory epithelium in this species (Schmidt 1988). A progression is 
evident in Tab. 2.1, with few exceptions, from less olfactarily endowed insectivorous 
species to the more capable phyllostomids.
The receptors in the sensory epithelium are presumably the point of contact for odour- 
active molecules. As has been shown for birds (Bang & Wenzel 1985), bat species with
Department of Forestry, ANU.
14
Tab. 2.1 Organisation of turbinates and respective olfactory surface areas for a range 
of bat species.
Species Family Ethmoturbinals 
Endo- Ecto- Total
Olfactory 
epithelium in 
both nasal 
cavities (mm2)
Number of 
receptors
Reference.
Rhinolophus hipposideros Rhinol. - - - 27 5.4 x 105 3
Lavia frons Megad. 2 0 2 - - 1
Nycteris thebaica Nycter. 2 1 3 - - 1
Lasiurus cinereus a Vesper. 2 1 3 - - 1
Rhynconycteris naso Embal. 3 0 3 - - 1
Rhinopoma microphyllum Rhinop. 3 0 3 30 - 8
Plecotus auritus Vesper. - - 35 1.1 x 106 3
Eptesicus fuscus Vesper. 3 1 4 40/48 2.8 x 106 1, 9,
3.1 x 107 10
Myotis blythi Vesper. - - - 68 - 2
Rhinolophusferrumequinum Rhinol. 2 2 4 72 1.9 x 106 1, 3
Rhinolophus bocharius Rhinol. - - - 76 - 2
Myotis spp. c Vesper. 3 1 4 - - 1
Mollosus obscurus Molos. 3 1 4 - - 1
Lasiurus borealis ^ Vesper. 3 1 4 - - 1
Lasionycteris noctivagans Vesper. 3 1 4 - - 1
Antrozous pallidus Vesper. 3 1 4 - - 1
Nyctalus noctula Vesper. 3 1 4 176 5.3 x 106 1, 3
Myotis myotis Vesper. - - - 188 5.5 x 106 3
Natalus stramineus Natal. 4 0 4 - - 1
Myotis lucifugus Vesper. 3 2 5 36 - 6, 7
Megaderma spasma Megad. 3 2 5 - - 1
Chilonycteris rubiginosa Phyllo. 3 2 5 - - 1
Mollosus. perotis Molos. 4 1 5 - - 1
Taphozous spp. Embal. 4 1 5 ' - 1
Diphylla ecaudata ^ Desmo. 4 1 5 - - 1
Lonchoglossa spp. Phyllo. 4 1 5 - - 1
Pterodenna spp. Phyllo. 4 1 5 - - 1
Artibeus spp. Phyllo. 4 1 5 - - 1
Macrotus waterhousii Phyllo. 4 1 5 90/94 6.0 x 106 1, 11, 12
Leptonycteris nivalis Phyllo. - - - 120/124 9.0 x 106 7, 12
Pteropus giganteus Pterop. 4 1 5 - - 1
Artibeus jamaicensis Phyllo. 4 1 5 232 1.8 x 108 6, 7, 10
Vampyrops spp. Phyllo. 5 1 6 - - 1
Carollia brevicaudata Phyllo. 5 2 7 - - 1
Desmodus rotundus Desmo. 4 3 7 300/308 2.0 x 107 4, 5, 11, 12,
1.9 x 108 10,
(a, b, c & d originally cited in Allen [1882] as Atalapha cine reus, A. noveboracensis , Vespertilio 
spp. and Desmodus rufus respectively)
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Key to bat families abbreviated in Tab. 2.1:
Natal. = Natal idae 
Desmo. = Desmodontidae 
Phyllo. = Phyllostomidae 
Pterop. = Pteropodidae 
Embal. = Emballonuridae 
Molos. = Molossidae 
Megad. = Megadermatidae 
Vesper. = Vespertilionidae 
Rhonol. = Rhinolophidae 
Nycter. = Nycteridae 
Rhinop. = Rhinopomatidae
Tab. 2.1 References:-
1 = Allen (1882)
2 = Gurtovoi (1966)
3 = Kolb (1971)
4 = Schmidt & Greenhall (1971)
5 = Schmidt (1973)
6 = Bhatnagar & Kallen (1974a)
7 = Bhatnagar & Kallen (1975)
8 = B hatnagar (1976)
9 = Frazier & Bhatnagar (1976)
10 = Bhatnagar (1977)
11 = Schmidt (1985)
12 = Schmidt (1988)
Tab. 2.2 Traditional View of the Bat Flower and Fruit Syndromes
Bat Flowers_________________________
Open at night; nocturnal anthesis 
Flowers usually last one night 
Flower colour drab or white 
Flowers produce strong odour 
Flowers produce large amounts of pollen 
and dilute nectar
Flowers positioned away from foliage via 
flagelliflory, cauliflory etc.______________
Bat fruits_______________________
Fruit colour drab 
Fruits produce strong odours 
Fruit size sometimes large 
Fruits positioned away from foliage
(modified from Fleming 1982)
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larger areas of olfactory epithelium generally show keener olfactory sense and the better 
developed are the central olfactory pathways (K. Bhatnagar - pers. comm.4). Few 
quantitative studies have been carried out on the chiropteran olfactory mucosa, but of 
those which have (Kolb & Pisker 1964; Gurtovoi 1966; Kolb 1971; Bhatnagar 1975) it is 
clear that the area of the olfactory epithelium and number of receptors is greatest in some 
of the fruit, nectar and blood-eating bats, and least in insectivorous species. Schmidt 
(1985) summarised some of this data to show the range of development of the olfactory 
epithelium in different bat species, from Rhinolophus hipposideros with the least 
developed to the sophisticated arrangement in Desmodus rotundus (Tab. 2.1).
In a comparison between Artibeus jamaicensis and Myotis lucifugus (Bhatnagar 1975) 
olfactory surface areas in the left nasal cavity and the left retinal epithelia were measured. 
On the basis of on the ratio between the two parameters he suggested that olfaction and 
vision both diminish in relative importance as the facility for echolocational orientation 
increases. This implies that the converse may be true, in that non-echolocators have 
increasing dependence on, and a better developed olfactory sense. Exceptions as always 
do arise, such as Nyctalus noctula and Myotis myotis (Tab. 2.1) which, based on these 
measures should have a relatively well developed olfactory sense when compared to other 
members of the Vespertilionidae (Dijkgraaf 1946). N. noctula apparently uses olfactory 
cues to find resting cavities in hollow trees that are often marked by urine at the entrance 
to the hollow (Schober 1984).
Extraction of information from measurement of olfactory epithelial area, although useful 
must be viewed with caution in some animals (Moulton & Beidler 1967). They point out 
that the margins of the olfactory organ are often irregular and indistinct and that estimates 
of total olfactory epithelial area for a given species may vary considerably. With this 
difficulty in mind Bhatnagar and Kallen (1975) commented on the results of Gurtovois' 
(1966) percentage values for olfactory epithelial area, indicating that the high values were 
probably because of a failure to distinguish between olfactory epithelium and stratified 
squamous epithelium components of the nasal epithelia. The importance of nasal 
epithelial area, in particular the degree of structural segregation of olfactory (respiratory) 
and non-olfactory (stratified squamous) epithelia and the extent of the olfactory epithelia, 
as an indicator of olfactory performance is clear from this evidence presented. Negus 
(1958) proposed that these features are diagnostic of a macrosmatic animal. Bhatnagar 
and Kallen (1974a) highlighted a progression of epithelial thickness from 50p.m in Myotis 
lucifugus to 100|im in Artibeus jamaicensis to 250|im in Pteropus giganteus. Therefore 
not only could the extent of the epithelium in terms of area, but the epithelial thickness be 
related to olfactory acuity.
2. 2 . 1 . 3  Olfactory Bulb and Brain Size
Pfaffman (1971) termed the olfactory bulb as a special 'odour brain' whose function is to 
process the signals before they reach the brain proper. In the Chiroptera the bulb is 
developed to widely differing degrees in various bat species (Baron & Jolicoeur 1980; 
Findlay & Wilson 1982; Schmidt 1985). That the primary olfactory region is smallest in
University of Louisville, USA - letter to author, 23/6/93.
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the insectivorous Rhinolophidae, Hipposideridae and Vespertilionidae, plus the fish­
eating species Noctilio leporinus was shown by Stephan and Pirlot (1970b), where 
comparisons of volumes of 11 brain structures for 18 bat species (8 families) were made. 
A trend relating olfactory bulb size with dietary preference was shown with insectivores 
showing smallest bulbs (regression index 21-42), phyllostomid blood-, nectar- and fruit 
eaters occupying an intermediate position (regression index 51-87), and the largest 
olfactory bulb in frugivorous megachiropterans (regression index 78-114). A 
comparison of the Megachiroptera with fruit eating Microchiroptera for olfactory bulb size 
showed that Megachiropteran bulbs were 1.6 times larger (Stephan et al. 1974). 
Bhatnagar and Kallen (1974b) confirmed these trends and noted a 2mm 'threshold' for 
bulb size, with frugivorous bats having bulb diameters greater than 2mm and the bulbs of 
insectivorous species being consistently less than 2mm. The minimum size for the 
olfactory organ, however, is still not known, though any sense organ that is relatively 
larger ought to perform better (K. Bhatnagar - pers. comm.5).
Mann (1961), similarly found that of the three species investigated (Histiotus montanus, 
Phyllostomus hastatus and Desmodus rotundus) the smallest bulb size was that of the 
insectivore H. montanus. Bhatnagar (1972) proposed that dietary preferences could be 
predicted accurately from the configuration of olfactory bulb and cribriform plate. He 
went further to suggest that since olfactory acuity appears to relate quite well to dietary 
preferences (describing insectivores as 'microsmatic' and frugivores as 'macrosmatic'), 
then generalisations about the diet relate to olfactory acuity as well. Where dietary 
preference appeared to favour a more acute sense of smell, olfactory bulb diameter tended 
to be larger (Bhatnagar & Kallen 1974b). Better developed olfactory bulbs were 
previously reported for Glossophaginae compared to insectivores (Mpller 1932; Allen 
1939). Bhatnagar and Kallen (1974b) found that the number of foramina in the 
cribriform plates and total plate area increased as a function of bulb area, but the foramina 
per unit plate area increased as a function of bulb volume.
The ratio of bulb size to cerebral hemisphere size was found not to be indicative of degree 
of olfactory acuity in bats, neither was the size of the animal related to plate parameters or 
bulb size. This latter observation is of interest because such relationships have been 
found using measurements of macro morphological characters. A study of relative brain 
size in 225 species of Chiroptera from 14 families (Eisenberg & Wilson 1978), which 
included all the families and genera from previous studies (Stephan & Pirlot 1970a), 
concluded that the family Phyllostomidae showed a strong convergence of brain to body 
weight ratios towards that pattem shown by the Pteropodidae, and that foraging strategies 
involving the location of rich food resources which are isolated in small pockets (as is 
often the case with many pteropodids) seem to require a large brain weight to body mass.
Other studies of Chiropteran brain macromorphology have revealed distinct correlations 
between encephalization index (El), diet and taxonomic family. Brain weights and body 
weights for 1460 bats representing 180 species from 15 families were analysed (Stephan 
et al. 1981), and revealed a trend in El data with the lowest values found in 
Vespertilionidae, Natalidae, Rhinopomatidae, Molossidae, Emballonuridae and 
Rhinolophidae. Highest El values were for Desmodontidae, Thyropteridae,
Ibid
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Phyllostomidae and Pteropodidae. This supports earlier findings (Pirlot & Stephan 1970) 
which showed highest El's for Pteropodidae, Noctilionidae and Desmodontidae from a 
sample of 51 species (representing 9 families).
Looking specifically on Australian Chiroptera, Stephan and Nelson (1981) similarly 
found that Molossidae and Vespertilionidae had low El values, Emballonuridae, 
Rhinolophidae and Hipposideridae were intermediate, then Macroderma gigas and the 
highest El were found in the Pteropodidae. Degree of encephalization is also correlated 
with dietary preference as indicated in these studies. The trend follows approximately that 
found for olfactory bulb size and diet (Negus 1958; Stephan & Pirlot 1970a; Bhatnagar 
& Kallen 1974b; Pirlot & Pottier 1977). Using the trophic role classification devised by 
Wilson (1973) revealed that all the aerial insectivore and foliage gleaning species 
belonged to the less encephalized Chiroptera, whereas the fruit eaters (alone or combined 
with other trophic roles) were highly encephalized. Combined carnivore and foliage 
gleaners such as M. gigas were intermediate.
Larger bulb diameter means a better sense of smell since larger olfactory bulbs suggests a 
greater proportion of olfactory epithelium in the nose (K. Bhatnagar - pers. comm.6). 
This is usually typical of frugivorous bats especially those from the family 
Phyllostomidae and Pteropodidae (although relatively few pteropodid genera were 
represented in these investigations). Recent data (J. Nelson - pers. comm.7) suggest that 
large bulb diameters are not necessarily correlated with larger animals, since Nyctimene 
robinsoni has olfactory bulbs almost twice as large as the large Australian pteropodids 
such as P. poliocephalus, when compared to a reference vespertilionid bulb volume. 
The foraging strategy typical of these two families do however require large brain weights 
relative to their body mass, and high degrees of encephalization. Mann (1960, 1961) 
examining features of gross morphology of the brain, ascribed specific values to the 
proportions by volume of the brain devoted to vision, taste and olfaction. He revealed a 
difference in 'olfactory' brain volume between Glossophaga spp. (32.1%) which feeds 
exclusively on nectar, the insectivorous Histiotus spp. (23.6%) and sanguivorous 
Desmodus spp. (23.6%). Although informative, comparison of the developmental 
degree of brain structure using such percentage values was criticised by Frahm (1981) 
because, for example, a high percentage value for AOB could be due to a reduction in the 
size of the MOB and not simply an indication of a well developed AOB. In spite of this 
cautionary note, evidently when compared to the other two genera using the same 
measure, Glossophaga does appear to be the most dependent on olfaction.
Brain morphological features can also indicate indirectly the probable degree of olfactory 
acuity in bats, but a more precise indication from anatomical data comes from calculation 
of convergence ratios. This ratio between receptor cells (leading into the stratum 
glomerulare) and secondary olfactory neurons (mitral cells) was 900:1 for Artibeus 
jam aicensis (Bhatnagar & Kallen 1975) and 1550:1 for Eptesicus fuscus (Frazier & 
Bhatnagar 1976). Such high values for bats are of the same order as those measured for 
the rabbit (Allison & Warwick 1949), well known for its highly discriminating nose. The 
significance of a high convergence ratio was highlighted by van Drongelen et al. (1978), 
who indicated that it may be responsible for high sensitivities found in the olfactory
6 Ibid
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system, since a single mitral cell that leads into the olfactory bulb can become maximally 
depolarised at quite low stimulus levels due to spatial summation of many receptor cells. 
Given this then it is plausible to propose that a limiting factor to the olfactory sensitivity 
of a bat would be the number of receptor sites in the olfactory epithelium, which taken to 
its ultimate conclusion is largely determined by the area of olfactory epithelium.
From considerations of brain anatomy in the Chiroptera, it is likely that indications of 
olfactory acuity, dietary preferences and perhaps feeding strategy can be gleaned (Stephan 
& Nelson 1981). Commenting on brain morphology, Stephan and colleagues suggested 
that brain size and structural differentiation do not vary independently (Stephan et al. 
1974). An increased size is generally accompanied by a progressive differentiation and 
vice versa. Caution is advised in interpreting size differences as far as functional capacity 
is concerned, despite claims that the functional capacity of a biological system (the brain 
in particular) depends upon the size and structural differentiation of that system 
(Graziadei 1990) because (i) knowledge of functions of many structures is still not 
detailed, and (ii) most structures under investigation are very complex. For the olfactory 
bulb on the other hand, size can give a good impression of the functional capacity of the 
olfactory system (Stephan et al. 1974). The functional significance of some accessory 
olfactory structures is however difficult to determine. Two accessory structures of 
particular interest in bats, the AOB and the vomeronasal organ (VNO), which together 
form the VNO complex, have a distinct and separate innervation to the main olfactory 
system.
2.2.1.4 Vomeronasal Organ
The Chiropteran vomeronasal organ (VNO) has been the subject of extensive 
investigation (Broom 1895, 1897; Grosser 1900; Mann 1961; Bhatnagar & Kallen 1974a; 
Cooper & Bhatnagar 1975, 1976; Bhatnagar et al. 1982). Reviews of the literature 
(Suthers 1970; Cooper & Bhatnagar 1976; Bhatnagar 1980; Schmidt 1985) on this organ 
reveal little experimental evidence as to its function. In other vertebrates there has been 
more substantial evidence to support the function of the VNO in reproduction, but the part 
it plays in feeding behaviour is as yet unclear (Negus 1958; Stephan 1965; Podsuchka & 
Firbas 1969; Schilling 1970; Estes 1972; Jordan 1972).
In most mammalian orders where a VNO complex is present it communicates with the 
oral cavity via the nasopalatine ducts. This has led to the suggestions that its function is 
to detect food odours during mastication (Negus 1958). More recently through 
investigations of neural connections (Winans & Scalia 1970; Barber & Raisman 1974) 
and work on pheromones in reproduction (Estes 1972), the suggestion of a functional 
role in reproduction has been favoured. There does exist a dichotomy of views as to 
VNO function between one of reproduction or that related to feeding behaviour (Cooper 
and Bhatnagar 1976). In the Chiroptera there exists a range of representation of the VNO 
complex. It is least represented in the Pteropodidae, Vespertilionidae and Natalidae, with 
no VNO and only a nasopalatine duct present. Conversely, a well developed VNO 
opening into a patent nasopalatine duct is found in most Phyllostom idae, 
Megadermatidae, Rhinolophidae, Noctilionidae and Molossidae (Bhatnagar 1972; 
Suthers 1970; Schmidt, 1985). At first it appears that bats with the best developed VNO
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are the most dependant on well developed olfactory sense, such as is the case in the 
frugivorous, nectivorous and sanguivorous bats.
The apparent absence of a VNO in the M egachiroptera deserves attention. 
P. poliocephalus was originally examined by Broom (1897) who found no VNO or 
related structures. Further investigations have served only to confirm Broom's findings 
for Australian pteropodids (Stephan et al. 1974; Cooper & Bhatnagar 1976). The 
otherwise well developed olfactory organ found in the Pteropodidae (Stephan et al. 1974) 
combined with observations that pteropodids apparently have an acute and discriminating 
olfactory sense suggests that a VNO is not an essential prerequisite for an effective sense 
of smell. The presumably visually dominated Megachiropteran bats with a highly 
developed olfactory sense, have a dominant main olfactory system and essentially 
subservient accessory system (Frahm & Bhatnagar 1980). Bhatnagar (1980) drew 
attention to insufficient investigation into the nasal morphology of pteropodids, especially 
concerning the VNO complex. Fie emphasised that since only 6 out of 38 genera had 
been studied at that point (Koopman & Jones 1970), that it was difficult to draw 
conclusions about the absence of a VNO on olfactory function.
The most impressive development of a VNO complex occurs in phyllostomids such as 
Phyllostomus hastatus, Glossophaga sorcina, Artibeus jamaicensis and the desmodontid, 
Desmodus rotundas, with poor representation elsewhere. Compared to the relationships 
established between the main olfactory organ and feeding habits (Schmidt 1985), there 
appears to be no such correlation with the development of the VNO. This is possibly 
because it is thought that a complete VNO complex is needed for a fully functional VNO, 
and in many Megachiroptera and insectivorous species (mainly Vespertilionidae) the 
accessory olfactory bulb may be lacking. In opposition to this Bhatnagar (1980) 
suggested that the very fact that the VNO is developed best in the frugivorous, 
nectivorous and insectivorous phyllostomids points to a functional association with 
feeding behaviour.
Flehmen behaviour is relevant to the question of VNO function in the Chiroptera. Estes 
(1972) adapted data taken from Schneider (1934) to list examples of mammals that 
display flehmen. Included are representatives from Phyllostomidae {P. hastatus) and 
Desmodontidae (D. rotundas). It is thought that flehmen serves mainly in reproductive 
behaviours (Mann 1961; Estes 1972; Schmidt 1985; Doty 1986) and examples of this 
behaviour are evident in many bats during sexual activity, especially in those known to 
possess a fully developed VNO complex. Mann (1961) reported bats retracting their 
upper lip which he proposed opened the nasopalatine duct and assisted interaction 
between odour molecules and receptors in the vomeronasal epithelium. The lip curling 
expression characteristic of flehmen is peculiar to those bats possessing a relatively 
mobile upper lip (Mann 1961 re: phyllostomids) as it appears to widen the nasopalatine 
canal or aid nostril closure, assisting retention of air in the nasal cavity as it is slowly 
expelled (Dagg & Taub 1970).
This precise lip curling behaviour has not yet been observed in either captive pteropodids 
(L. Martin - pers. comm.8) or in the wild (J. Nelson - pers. comm.9), but lack of
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observation is not in itself evidence for its absence. Flehmen-type behaviours during 
sexual activity in members of the Pteropodidae have been observed in the form of licking 
which often accompanies flehmen. Nelson (1965a) observed males of P. poliocephalus 
initiating pre-copulatory behaviour by mutual grooming or often by licking the vaginal 
opening and thrusting the nose into the females genital opening. Lengthy bouts of 
sniffing and licking before copulation and between copulations have also been reported 
for this species (Puddicombe 1981). The licking may provide tactile stimulation to 
increase receptivity of the female, or may assist in induction of ovulation. Martin and 
colleagues (1987) suggested that for P. poliocephalus the ovulatory reflex was unlikely to 
result from a single bout of stimulation and subsequent copulation, but from repeated 
stimulation and copulations, as observed by Nelson (1965a).
Licking and bouts of intense sniffing in a similar manner to that already described has 
also been reported for P. rodricensis in captivity (Carroll 1979). This was particularly 
intense in male-female interactions and when bats (particularly males) were investigating 
scent marks on branches close to feeding dishes (Oldfield - in prep). The licking 
behaviour that has been seen may itself be a way of facilitating the olfactory input to the 
animal to add to the cocktail of cues that coordinate reproductive behaviour. Estes (1972) 
noted that flehmen in Wildebeest (Conochaetes taurinus), Hyenas (Crocuta crocuta) and 
felids, followed prolonged periods of nosing, licking or smelling female genitalia, 
sometimes elicited by urine. The licking appears to be essential for the detection of non­
volatile semiochemicals (Doty 1986), and has been shown using urine labelled with 
fluorescent dye to be linked with uptake of odour-active molecules in to the VNO 
(Wysocki et al. 1980). Given this evidence, then why, if the VNO is important in the 
detection of non-volatiles, do the Australian pteropodids described display these 
behaviours, if the very same animals are supposed to be lacking a VNO? Research is 
needed to determine the full extent of development of the accessory olfactory apparatus 
and its functional significance in relation to reproductive and feeding behaviours. If it is 
the case that pteropodids own just a main olfactory system, as current research suggests, 
does this mean that the bats are unable to utilise non-volatile odour stimuli in reproductive 
or feeding behaviour, or are non-volatiles detected by some other means in these animals?
In feeding behaviour, Bhatnagar (1980) maintains that the VNO complex has an 
accessory olfactory role similar to that suggested for primitive mammals. Detection of 
non-volatile odour-active molecules may still be important in feeding behaviour too, but 
further research is required to establish the anatomical basis for odour detection in 
pteropodids.
2.2.2 Field Observations and Experiments
Olfaction is claimed to play a significant role in food seeking behaviour and feeding 
ecology of many nocturnal animals, irrespective of the degree of dietary specialisation 
(Stoddart 1980). Frugivores in particular seek food that is discrete because of dispersion 
and time of ripening and so they need to actively search for their food. The use of 
olfaction by bats in their search for food has been reported for some time but little is 
known of the exact extent of its contribution.
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Field observations have revealed that those bats which appear to be most dependant on 
olfactory stimuli whilst in search of food are the frugivorous megachiropterans (Ratcliffe 
1931; van der Pijl 1936; Allen 1939; Schmidt 1985), and the fruit and nectar eating 
microchiropterans (Mann 1951; Vogel 1968; Howell 1979; Reiger & Jakob 1988). 
Heithaus and Fleming (1978) used radio tracking data to show that Carollia perspicillata 
spent only 1.5% of a total distance of 393 kilometres covered in feeding areas, in actively 
searching for new feeding areas. If foraging is responsive to a balance of energetic costs 
and benefits (Hamilton & Watt 1970), then such a relatively small investment in searching 
for new sources of food means that for optimal efficiency the bats must have well 
developed sensory mechanisms for finding ripe fruits. This strategy of maximising 
energy return for minimal foraging time, although desirable for the bats may not provide 
optimum benefit for the plants (Heithaus 1982).
In pteropodids, aggressive encounters often witnessed during feeding (Ratcliffe 1931; 
Nelson 1965a; Gould 1978; Richards 1995) possibly reduce the foraging efficiency of the 
bats whilst providing some benefit to the plant by improving seed and pollen movement. 
The bats efficiency in utilising sensory cues is therefore an important factor in the energy 
return/ foraging time equation and the energy invested by the plants in producing 
attractants for potential pollinators (Howell & Hartl 1980, 1982). Pteropus alecto has a 
maximum metabolic rate in flight of 69.6 W kg'l that is essentially the same for birds of 
the same body mass, but is from 2.5 - 3.0 times greater than the highest metabolic rate of 
which similar sized exercising terrestrial mammals appear capable (Thomas 1975). 
McNab (1982) and Carpenter (1986) also commented on the high metabolic rates in 
megachiropterans. There is no reason to expect the other large Australian pteropodids to 
differ significantly from Pteropus alecto. All utilise food resources that are patchily 
distributed in space and time. From the physiological standpoint it is essential for these 
pteropodids to maximise on their energy investment in foraging by having well developed 
sensory capacities for food location in order to locate a fruit at a suitable stage of ripeness, 
or flowers at optimum pollen and nectar loads. Fleming (1982) however, used the 
terminology of Schoener (1971) to describe frugivorous bats as "time minimizers" rather 
than "energy maximizers" in their search for food. Nonetheless the effective use of 
sensory cues to locate and select food resources will improve the efficiency of the bat 
irrespective of whether it reduces foraging time or increases energy gain. The underlying 
principle is that bats that take full advantage of well developed sensory capacities will 
undoubtedly be better foragers.
The Phyllostomidae, particularly C. perspicillata provide some of the best examples 
among the vertebrates regarding use of the olfactory sense for locating plant products 
(Wolff 1981; Schmidt 1985; Fleming & Heithaus 1986; Laska & Schmidt 1986; Fleming 
1988; Reiger & Jakob 1988; Laska 1989, 1990a, 1990b). The earlier work of Howell 
(1979) described Leptonycteris sanbomi as a 'mammalian hummingbird', and suggested 
that the Glossophaginae are more likely to initially locate plants by vision and olfaction, 
taking advantage of the plants advertisement to potential pollinators using odour 
production and morphological positioning for visibility. She also recorded periods of 
tongue extension between feeding bouts at the end of the rest period prior to taking off for 
another feeding session. The meaning of this behaviour is not clear but may be 
'limbering up' the tongue as it does the wings, or may serve an important olfactory
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function in view of the well developed VNO found in this species (Bhatnagar & Kallen 
1974b; Bhatnagar 1975; Cooper & Bhatnagar 1976).
2 .2 .2 .1  Bat-Plant Systems and the Role of Odours
The 'nosing' of fruits presented to several phyllostomid species in a study of captive bats 
(Bonaccorso & Gush 1987) probably represents an olfactory evaluation by the bat, and 
corresponds to similar feeding behaviour reported in wild bats (Fleming 1982; Heithaus 
1982; Fleming & Heithaus 1986). Frugivorous bats in particular appear to detect and 
respond to odours produced by plants. These odours were suggested to be specific for 
bats (van der Pijl 1936; Allen 1939), and the term 'bat odour' often used to describe the 
pungent aroma associated with bat pollinated plants. Start (1974) commenting on odour 
as a cue to the pteropodids, Macroglossus minimus, M. sobrinus and Eonycteris spelea, 
suggested that when observing these bats feeding there were very few instances of strong 
odours associated with bat feeding sites. He considered that the emphasis placed on the 
role of odour by Faegri and van der Pijl (1966), has led to many overstatements of its 
importance. Recently Richards (1990b) concurred with Start's comments and those of 
Stocker and Irvine (1983), noting that in north Queensland the rainforest fruits examined 
had no discernible smell when intact. He favoured a food location mechanism by 
P. conspicillatus based on the ability of the animals to visually discriminate between 
coloured rainforest fruits and their background vegetation. He demonstrated a 
relationship between visibility of fruit and that selected, however the visibility of the fruits 
was determined by a response of a human observer to coloured plates in low light 
conditions - a situation that hardly lends itself to reliable and plausible conclusions 
regarding the perceptual world of bats. In his opinion, however, visual cues play a 
greater role over olfactory cues in feeding site selection. Richards did at least concede 
that once damage to the plant tissue had occurred then some fruits were indeed detectable 
by odour.
'Bat odours' are referred to when flowers are the principle food item. Seldom do fruits 
alone produce pungent aromas. The frequency with which plants producing 'bat odours' 
has been reported is very high. Faegri and van der Pijl (1971) commented on 'bat plants' 
producing a strong stale odour at night, reminiscent of fermentation, and that 'flower 
bats' had a correspondingly good sense of smell for far orientation. There is no doubt 
however, that the phenomenon of strong odours associated with plants known to be 
frequented by frugivorous and nectivorous bats does exist and is well documented 
elsewhere (Porsch 1932; Jaeger 1954; Baker & Harris 1957; Baker 1961; Vogel 1968; 
Baker 1970, 1973; Start 1974; Armstrong 1979; Heithaus 1982; Williams 1983; Schmidt 
1985; Reiger & Jakob 1988). In many of the bat-specific plants belonging to the 
Solanaceae, the appearance of floral odour usually occurs after dusk and is often 
maintained throughout the night. Van der Pijl (1936) first described the smell of many 
bat flowers as 'sour' and similar to the smell of the bats themselves, whereas many other 
authors (Allen 1939; Heithaus 1982; Dobat & Piekert-Holle 1985; Ecroyd 1993) describe 
the odours as 'stale' or 'musty'. These odours were suggested to have the role of 
distinguishing potentially productive flowers from those with inaccessible nectar, and 
mimicking the bats' own odours or pheromones (Heithaus 1982).
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The 'pheromone similarity' system in bat-flower perfumes is supposed to have erogenic 
effects on the bats and "stimulate the sexual instinct of the animal in order [for the plants] 
to achieve their own end [pollination]" (Stoddart 1990). Although this response has not 
yet been demonstrated in any species of frugivorous or nectivorous bat, this function was 
proposed after extrapolation of the results of studies performed on the Managua mouse 
pollinating low-lying Proteaceae (D. Stoddart - pers. comm.10). If bat and hawkmoth- 
pollinated blossoms have a direct action on the instincts as suggested by Faegri and van 
der Pijl (1979), then it is possible that the triggers for such instinctive behaviours are 
chemical. Vogel (1968) suggested that floral odours by their chemical specificity provide 
such a trigger. None of the volatiles identified in the E. gummifera headspace (Oldfield - 
unpublished data) resemble soluble fatty acid molecules recently tentatively identified in 
urogenital and sebaceous secretions in the closely related P. conspicillatus (Spencer & 
Flick 1994). Stoddart's suggestion therefore needs some rigorous investigation before 
gaining credibility.
Odour production by plants to attract animal visitors, and the use of a well developed 
olfactory sense to locate plant food is not unique to bats. The attraction of insects to plant 
volatiles is well known. Honeybees have been intensively studied (Pham-Delegue et al. 
1989) as well as pest species (Smilianick et al. 1978), in order to determine the degree to 
which these insects use smell to locate flowers. In contrast to the so called 'bat plants', 
bee and butterfly - pollinated flowers often have a sweet odour, whereas bird flowers are 
thought to be generally odourless (Baker & Baker 1983). Some birds do use smell to 
detect plant volatiles (van Riper 1960; Snow 1961; Stager 1967; Wiirdinger 1979; Clark 
& Mason 1987). One case in particular, that of the oilbird, Steatornis caripensis (Snow 
1961), is able by smell to locate and select ripe, aromatic and spicy fruits and reject unripe 
fruits. This bird, like some phyllostomid bats has well developed olfactory bulbs (Bang 
1960) and can echolocate, therefore its similarity as far as the combination of feeding 
anatomical and olfactory acuity to some bat genera is remarkable.
Similarly, Carollia perspicillata appears to distinguish between ripe and unripe fruit, 
since ripe fruits are almost all removed by the bats on the first night they are available 
(Fleming et al. 1977; Wolff 1981). Species of the genus Artibeus specialise in carrying 
off the fleshy nuts of Acromia trees for later consumption, only taking the ripe fruit that 
must be located by smell as no visible change in colour or texture of the fruit occurs with 
ripening (Fleming 1988). Such selectivity has also been reported in Old-World 
frugivorous bats. Jamieson (1988) reported pteropodids when attacking commercial 
crops^elected ripe fruits in preference to unripe. In Israel (Makin & Mendelssohn 1986) 
and South Africa (Jacobsen & Du Plessis 1976), Rousettus aegyptiacus similarly selects 
ripe or overripe fruit, a behaviour that would certainly be assisted by the demonstrated 
ability of this species to detect and discriminate a variety of fruit odours (Möhres & 
Kulzer 1956; Kulzer 1958, 1979). For fruit-eating bats Kulzer (1979) maintained that 
olfaction was the most important sense when the animals were searching for ripe fruit.
In the wild, however, a colour change often accompanies ripening (e.g. banana, mango) 
which, in the absence of colour vision (Novick 1958; Neuweiler 1962; Suthers 1970; 
Murphy & Howland 1983; Richards 1990b) the bats would probably detect as a change
Dept, of Zoology, University of Tasmania - meeting at Aust. Mammal. Soc. conference, July 
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of contrast against the background vegetation. Even if a colour change per se is not 
detectable, the bats may still be able to recognise tonal changes (C. Tidemann - pers. 
com m .11). Fleming (1988), using data from van der Pijl (1969) and Heithaus (1982) 
outlined the characteristics of bat flowers and bat fruits. These are summarised in 
Tab. 2.2.
2 .2 .2 .2  Orientation by Smell
What of the importance of olfaction in the orientation of bats? The bats could use odour 
to guide them to food sources over long distances, or olfactory cues may act mainly as 
guides to 'fine tune' the specific location of food. The view that floral odours act in the 
main as distance attractants to aerial pollinators has received some support (Baker et al. 
1983; Williams 1983), with frugivorous Microchiroptera and Megachiroptera being given 
specific mention. Odour perception must also be involved in short range detection and 
discrimination, perhaps even to a greater degree than over a considerable distance. If this 
were not the case, then in the near absence of visual cues it is difficult to understand how 
frugivorous bats locate and select their food items in dense forest where moonlight would 
not penetrate. Lack of a correlation between fruit abundance and preference led Heithaus 
and colleagues (Heithaus et al. 1974) to suggest that C. perspicillata probably had a 
defined search image when foraging. These bats could select particular fruit species that 
were available for long periods at low densities. The ability of the animals to remember 
food patches was likely to be assisted by odour cues as well as visual. It has been argued 
for P. poliocephalus that the absence of a food item in the wild where bats are active is 
equivalent to the expression of a preference by the animals (Parry-Jones & Augee 1991; 
MacDonald 1991). This latter claim is much mo>re difficult to justify as the foraging 
behaviour and patterns of flowering and fruiting in Australian myrtaceous species are 
generally of the mass-flowering strategy, somewhat different to what Heithaus and 
colleagues were experiencing in the foraging area o f C. perspicillata.
Ratcliffe (1931, 1932) noted with several Pteropuis species that they were attracted to 
‘honey’ when flowers were absent. In addition he commented on the lack of preference 
by P.poliocephalus for the blossom of the ironbarlk Eucalyptus melanopholia, which he 
suggested was a low honey yielder and was almosit without scent. The conclusion was 
that the scent of the honey was a likely factor in «determining food preference in these 
animals. The flaw in his reasoning, however, was that he assumed that the human nose 
has the same spectrum of sensitivity as that of the bats, which is not necessarily the case 
as was indicated in a comparison of thresholds by Schmidt and Schmidt (1978). Many 
other eucalypts exhibit similar olfactory properties to those described by Ratcliffe. The 
first and as yet, only, attempt to characterise eucalypt flower odours and relate their 
production in vivo to the pattern of activity of pteropodids and a variety of other 
pollinators was made recently (Oldfield et al. 1993)). It revealed that volatiles production 
by flowers expressed rhythmicity, the pattem of w hich was correlated with insect visits 
but not those of either bats or nectivorous birds. Further study in this area is therefore 
warranted.
Department of Forestry, ANU.
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The ability of Pteropus species to discriminate between food plants over short distances 
and the extent of usage of olfaction in food location has yet to be determined. Stager 
(1964) investigated olfaction in cathartine and aegyptine vultures and showed that the 
degree to which olfaction was used to locate food was related to the type of foraging 
flight adopted by the animal. He found that olfactory and visual cues are both used in the 
detection of carrion, but in Cathartes aura olfaction is only used superficially in detecting 
a rotting carcass, the bird often circling downward and descending in circles of 
decreasing diameter before landing on the carcass. Coragyps descends and inspects on 
visual cues only and most other vultures rely primarily on visual cues to locate food. It is 
noteworthy that C. aura uses a low level searching flight that brings it close to the ground 
and in the range of low lying olfactory cues, whereas Coragyps and Gymnogyps use a 
high altitude soaring and circling method. It is probable that similar situations arise in 
bats, in that the foraging strategy adopted is influenced by the degree of development of 
visual, olfactory and auditory sensory modalities, as well as being responsive to the 
differences in spatio-temporal distribution patterns of food resources (Tamsitt 1967; 
Fleming 1988; Fleming et al. 1977).
Some insectivorous bats also use smell to locate insects and assess their level of 
palatability, although echolocation is the dominating sense used for detailed recognition 
and prey capture (Kolb 1958). Most of the work on non-frugivorous bats and olfaction 
has been performed in flight cages under controlled conditions. This enabled Kolb 
(1958, 1961), working on Myotis myotis, M. emarginatus, Eptesicus serotinus, Nyctalus 
noctula, and Pipistrellus nathusii and Roer (1969) for Plecotus auritus, to produce data 
that suggested that all these species can locate hidden insects and reject unpalatable items 
by smell. Collection of faecal samples of M. myotis from the field indicated a 
preponderance of non-flying Carabidae during the spring. These were claimed to be 
detected on the ground with the aid of olfaction similar to that of terrestrial insectivores 
(Holling 1958).
Thompson (1982) discussed Roer's (1969) work that reported a captive Plecotus auritus 
seeking out and eating hibernating prey placed in a cage. Thompson suggested that the 
bat found the moths by smell, enabling P. auritus to avoid distasteful moths. Oldfield 
(1990) advised caution in the interpretation of Roer's observations. The author reported 
that P. auritus in captivity encountered food placed in the cage by chance discovery 
during periods of intense activity in the evening and early morning. At no time did she 
observe P. auritus actively seeking food by smell as might be inferred by the sweeping 
of the bat's head from side to side (similar to tropotactic head wagging behaviour 
described by Stoddart 1980). During these head movements the bat was echolocating, 
which led her to suggest that smell was only used once the food was caught and not for 
food location. Oldfield's observations would be analogous to that situation where a bat 
was gleaning prey, as described by Anderson and Racey (1991) who noted that P. auritus 
was more successful without echolocation when gleaning compared to capture of aerial 
prey. These observations describe P. auritus as a passive listening bat when gleaning and 
made no attempt to address the contribution of olfaction. It is likely that a combination of 
this non-echolocation audition and olfactory cues (Dijkgraaf 1957; Roer 1969; Thompson 
1982) are used in this species for prey location and assessment of food palatability.
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On the basis of data collected from non-frugivorous microchiropterans, Mueller (1963; 
1966) suggested that the role of olfaction in long distance orientation was negligible and 
that olfaction served as a short distance location mechanism. Work on the importance of 
olfaction in distance orientation in bats has largely been ignored, especially for 
megachiropterans where usually hearing (Rousettus species) and vision have been 
considered as the only senses used (Novick 1958; Suthers 1970). The often recorded 
long distance movements of Australian pteropodids from day camps to night time feeding 
areas (Ratcliffe 1931; Nelson 1965b; Puddicombe 1981; McWilliam 1985), sometimes 
involves straight line travel distances of between 10 km (P.poliocephalus) and 29 km 
(P. scapulatus). In a more recent study, Eby (1991a) recorded larger travel distances for 
P.poliocephalus, with nightly flights of over 40km. This makes it unlikely that odour 
cues are followed from within a few kilometres of leaving the camp, since the 
concentration of odour molecules from a feeding site is likely to be extremely low, 
possibly below the threshold sensitivity of the animals for that particular odour or 
combination of odours. As yet detection thresholds have not been determined for this 
species but if it is possible for odour cues to be followed by these bats along the full 
travel distance from day camp to feeding area, then some form of trail marking (Bossert 
& Wilson 1963), or the use of an 'odour corridor' as described for other vertebrates 
(Stoddart 1980) as an aid to site location is worthy of consideration.
Trail marking has only so far been reported in the Microchiroptera. Myotis lucifugus is 
thought to use a scent post to label portions of its habitat as an orienting cue (Buchler 
1980). Individual adult females were observed circling, touching and landing on mature 
Quercus rubra, and rubbing their ventral surface on the tree. It was suggested that this 
behaviour was developed to maintain a scent post along the main travel route from the 
roost to provide an orientation cue during foraging flights. This would assist the young 
as their range is increased, and the mothers in returning to the young throughout the 
night. M. lucifugus is anatomically inferior in its olfactory apparatus and lower absolute 
sensitivity (Bhatnagar 1972, 1975; Bhatnagar & Kallen 1974a), as are many non- 
frugivorous microchiropterans in general (with the exception of Desmodus spp) when 
compared to the frugivorous micro and megachiropterans (Obst & Schmidt 1976; 
Schmidt & Schmidt 1978). It might therefore be possible for a similar system to operate 
with the olfactarily superior bats to locate the route to feeding areas. To date the evidence 
for the use of odour trails and marks in relation to navigation and location of feeding areas 
in frugivorous bats is absent. Foraging flight distances for frugivorous megachiropterans 
are much greater thus would require a large expenditure of energy in the maintenance of 
these posts if they were used. It is more likely that these animals use visual cues over 
distance and rely on odour cues at feeding areas and within the diurnal roosts.
2.2.2 .3  Odour Memory, Learning and Feeding
The development of an ability to respond to odour cues at an early age does not 
necessarily mean that the response is innate (Stoddart 1980). Doty (1986) reviewed the 
question of learning in mammals in response to odours. He supported the view that few 
mammalian odour-guided behaviours (including feeding) are pre-programmed to 
correspond to specific odourants. Fleming (1988), commenting on the mechanism of 
food location in C. perspicillata, suggested that it was probably especially sensitive to
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odours produced by preferred fruits e.g. Piper amalgo compared to less preferred ones 
such as Muntingia spp., but he refrained from any comment on whether such preferences 
were learned or inherited.
Animals must learn to respond to complex patterns of odours in their surroundings but 
they do use more than one sensory modality. Each sense samples the environment 
separately and then inputs are combined in to higher order mental constructs (Marks 
1978). Since many sensory redundancies are interactive, it is unwise to assume that any 
one sense alone can provide a totally unique contribution to the animal's perception of its 
surroundings. For evaluation of foodstuffs it is important for bats to be able to 
distinguish between toxic chemicals and those which provide nutrition. This is of equal 
importance for insectivorous, piscivorous and sanguivorous bats as well as frugivores 
and nectarivores. Engen (1986, 1991) pointed to evidence that now indicates that the 
olfactory system is like a "tabula rasa, characterised by the plasticity in which the 
meanings of odours are established through environmental experience." He suggested 
that perhaps the major function of olfaction was to store experiences and associated 
events in memory for future use.
Engen is therefore supporting the idea of the existence of an 'odour memory' (Engen 
1986, 1991; Schab & Cain 1991 for review). The suggestion that bats use an odour 
memory to assist some form of spatial memory in the location of feeding areas, and food 
sources within those areas is an attractive one, although published evidence for an odour 
memory in bats is sadly lacking. Fleming (1988) referred to the possible use of a 
locational memory in C. perspicillata to find food that occurred in highly localised but 
ephemeral patches, as is the case with fruiting fig trees. If the bats were only on the alert 
in expected locations then new food plants would not be found. Fleming and colleagues 
suggested a combination of searching and commuting, assisted by locational memory of 
known feeding areas as the optimal foraging behaviour (Fleming et al. 1977).
Homing ability and spatial memory have been studied specifically in other 
microchiropteran species (Mueller 1963, 1966; Davis 1966; Griffin 1970; Williams & 
Williams 1970), particularly on echolocating insectivöres. Mueller (1966) concluded that 
Myotis lucifugus did not depend totally on vision since a few blinded bats released did 
return successfully. There was little doubt that their homing ability was impaired when 
blindfolded, which often resulted in lower and slower flight compared to non-blindfolded 
bats. Dependence on vision for homing does appear to increase with increasing visual 
acuity. That many phyllostomid species do not show patterns of seasonal migration 
predispose them to forming consistent and stable foraging areas and familiar feeding 
areas. Phyllostomus hastatus appears to be very dependant on visual cues for homing 
(Williams et al. 1966), although the use by these animals of topographical cues e.g. rivers 
and mountain ranges, to assist their initial orientation is doubtful when one considers that 
the probability of recovery of released animals could be a function of chance entrance in 
to a familiar area (Williams & Williams 1970; Wilson & Findley 1972). For P. hastatus 
the familiar area is relatively constant for each season, but data on homing M yotis 
lucifugus indicates that homing is independent of sex, direction or familiar area, and more 
dependant on release distance. The frequency of successful recoveries increases with 
decreased distance of the release point from the roost. It is difficult to see ion such a
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situation how olfactory cues could effect better location of familiar areas and improve 
foraging efficiency.
Pteropodids on the other hand, are very different. They are known to travel over many 
tens of kilometres on nightly foraging flights (McWilliam 1985; Parry-Jones & Augee 
1991), or even hundreds of kilometres seasonally (Ratcliffe 1931, 1932; Nelson 1965b; 
Prociv 1983). A few temperate microchiropterans have also been recorded homing 
successfully over large distances, eg. Nyctalus noctula travelled 237km from summer 
roost to hibernation site in eastern Europe (Schober 1984). These long distance 
movements may be aided by memory of known landmarks and feeding areas en route, or 
even the use of positions of celestial objects has been proposed (Buchler 1980; Childs & 
Buchler 1981). Insectivorous microchiropterans are known to use linear landscape 
elements such as hedgerows, lanes, canals, and rivers to locate feeding areas (Limpens 
1990), and for pteropodids it is possible that short range movements from day camp to 
feeding sites may be influenced by recognition of landscape features, aov odours, from 
memory (Richards 1990a, 1991)
Whether the bats have an innate memory for feeding sites or whether this is learned is yet 
to be discovered. As to the existence of an 'odour memory', the association of feeding 
experiences with other features of the feeding area would indicate a system with high 
plasticity. The effect of experience with feeding behaviour plays a significant role in 
odour-guided behaviour (Cheal 1975; Engen 1986), as does information transfer between 
conspecifics regarding feeding preferences and location of distant feeding areas 
(Drickamer 1972; Alberts 1974; Doty 1986). In Rattus norvegicus, experienced feeders 
use information contained in olfactory cues to teach 'novices' the location and distance 
from a food source (Galef & Wigmore 1983). This suggests that diet preferences are 
transmitted socially in these animals. In fruit bats, once the feeding site is located it is 
possible that 'short term' odour cues, whether left by conspecifics or whether of plant 
origin, influence the choice of fruit or blossom to be selected . It is possible that in the use 
of short range, short duration olfactory information is where the 'fine tuning' of the food 
selection mechanism is made, based on an analysis of odour components, plus visual and 
textural characteristics of the food. This however has yet to be demonstrated 
experimentally.
2 .2 .3  Laboratory Determinations of Olfactory Acuity in Bats
In order for a bat to discriminate between odours it must first be able to detect the odours. 
Information on olfactory acuity in bats has emerged from studies where bats have been 
required to find hidden food, or are conditioned to respond to specific odours, but the 
numbers of studies of this type have been few.
Early studies revealed that Phyllostomus hastatus was able to locate small pieces of 
banana hidden under leaves (Mann 1951). Rousettus aegyptiacus was able to detect as 
little as 50mg of banana, and easily distinguish between artificial banana flavour on ether 
from natural banana odour (Möhres & Kulzer 1956). This was one of the first attempts 
not only to test a bats ability to discriminate between odours, but also to obtain a 
quantitative measure of olfactory sensitivity in a bat.
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Determination of discriminatory ability and more so olfactory thresholds are difficult and 
often involve training bats to make decisions in choice-chamber experiments. The 
vampire bat, Desmodus rotundus is thought to use its sense of smell to locate prey 
animals (Mann 1960; Turner 1975), and to identify blood (Ruschi 1951). Goodwin & 
Greenhall (1961), proposed the use of olfaction in D. rotundus in the selection of prey. 
They found that the bats selected the same person to feed upon amongst a group of people 
sleeping in the same room, even though the sleeping place was changed each night. 
Subsequent experimentation (Schmidt & Greenhall 1971, 1978) revealed that Desmodus 
spp. have highly developed olfactory sense. Using bats trained in a 5-choice apparatus, 
animals were able to find pieces of filter paper soaked in butyric acid at 3.9 x 10~3 and 
7.84 x 10'3 vol %. This threshold is lower than that found for humans (3.12 x lO 2 
vol %). Using more detailed indicators of detection at threshold concentrations such as 
heart rate and breathing rate, olfactory thresholds were determined for four 
microchiropteran species, each representing a different feeding type, these being 
D. rotundus, Phyllostomus discolor, Artibeus jamaicensis and Myotis myotis. (Schmidt 
& Schmidt 1978).
Olfactory acuity was highest in D. rotundus and P. discolor (both had threshold for 
propionic aldehyde of 6 x 108 molecules cm '3). M. myotis showed an inferior olfactory 
acuity, as had been found in previous determinations (Obst & Schmidt 1976). This is not 
surprising due to its increased dependence on echolocation for food detection compared to 
the other species in the study, but does not mean that insectivorous microchiropterans 
have little dependence on olfaction in food location and selection. Unlike field-based 
investigations, laboratory studies confirm an olfactory ability in bats, however this in 
itself does not mean that the bat will use its sense of smell in the field. Dikjgraaf (1957) 
showed that both Myotis emarginatus and Plecotus auritus were stimulated to search for 
food when mealworms were placed 10- 15  mm from their nose. P. auritus can detect 
hidden non-flying insects by smell over a distance of 10 - 20 cm (Kolb 1961). Other 
vespertilionids studied were shown to be able to discriminate between their preferred 
dung beetles and unpalatable potato beetles, based on olfactory information. Subsequent 
studies (Kolb 1973, 1976) showed that M. myotis produced sounds at frequencies in the 
16-30 kHz range, which were suggested to assist olfactory location of insects by possibly 
loosening odour molecules from the prey and into the surrounding air.
Physiological studies of evoked potentials from the olfactory bulbs of Myotis lucifugus 
and Artibeus jam aicenesis, in response to food-related odours provided a link with 
behavioural observations of feeding (Bhatnagar 1972). Both bipolar and monopolar 
responses revealed an increase in amplitude and frequency to butyl acetate and banana 
odour but not mealworm for A. jamaicensis. Only M. lucifugus showed an increase to 
mealworm, which was consistent with earlier behavioural observations. Few other 
electrophysiological studies have investigated olfaction and feeding in bats and much of 
this work needs to be followed-up.
The frugivorous microchiropterans have been most extensively studied in terms of their 
olfactory ability, with Carollia perspicillata being the focus animal of many studies. This 
animal locates food solely by olfaction under certain conditions (Laska & Schmidt 1986), 
and recognises the quality of the banana odour, indicating specific preference for overripe 
fruit compared to fruit at other stages of maturity. Dominance of overripe banana odour
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by ethanol, amyl acetate and isoamyl acetate led Laska to suggest that the bat undertook a 
complete analysis of the components of the odour mixture. Further evidence to support 
this claim (Laska 1989, 1990a, 1990b) showed that volatiles typically found in many 
fruits e.g. ethyl butyrate, n-pentyl acetate and linalool (so called 'character impact 
compounds' [Nursten 1977]), elicited the greatest response in Carollia, and in addition 
the length of the carbon chain was found to be important. The bats showed increasing 
detection threshold for C2 to C5 alcohols but a non-linear relationship for C2 to C7 acetic 
esters and little correlation for carbon acids (Laska 1989, 1990b). The ability to 
discriminate between odour mixtures was such that even when Carollia was presented 
with mixtures of increasing similarity to 'natural' banana odour, a 57% congruity 
between the peaks (as measured using gas chromatography) failed to persuade the bats to 
make an incorrect choice.
2 .2 .3 .1  Effect of Environmental Conditions and Pre-trial Treatment on 
the Measurement of Olfactory Function
Captive studies of feeding behaviour in bats do present certain problems to investigators. 
Mackintosh (1985) emphasised the difficulty in ensuring in the laboratory that the normal 
response is not affected by experimental conditions. The natural feeding behaviour of the 
bat plus its physiological state and the housing environment, need to be considered in all 
studies of this type. With regard to physiology, it is desirable for the bat to be feeding in 
as natural a manner as possible in the controlled conditions of a flight cage (Rasweiler 
1975). The possibility that feeding an animal food that would not normally be found in 
its natural habitat might alter the feeding preferences of the animal has to be considered, 
since the relevance of the information gained in the selection of food items not normally 
selected in the wild is questionable. Bonaccorso and Gush (1987) showed that 
phyllostomid bats in captivity selected fruits that their wild counterparts commonly ate, 
indicating that it is possible to produce representative feeding behaviours in captive 
frugivorous bats.
Olfactory acuity is impaired at low relative humidities (Laska et al. 1986). When relative 
humidity was decreased from 75% to 60% in captive C. perspicillata, four out of five 
animals tested showed a decline in the number of correct responses to food odours 
presented, from 90% to chance level. This significant impairment was explained by a 
reversible anosmia. Negus (1958) maintained that the liberal supply of water vapour was 
essential for a highly efficient olfactory sense, and that dryness of the nasal mucosa 
diminished the sense of smell. He went further to suggest that species with an 
increasingly well developed olfactory sense are more dependent on the maintenance of 
moist epithelial surfaces. In mammals therefore, moderate humidification appears to be a 
prerequisite for optimal olfactory sensitivity, but under and over humidification decrease 
olfactory acuity (Schneider & Wolf 1960).
Whether this is typical of other frugivorous bats that feed in a high humidity environment 
in the wild e.g. Nyctimene, Syconycteris, Phyllostomus, Artibeus, is not yet known. 
Pteropus scapulatus is worthy of further investigation of its nasal epithelia, since it often 
functions in relatively arid environments compared to those frequented by other
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Australian pteropodids (Lemm 1991). This may be due to a more effectively maintained 
olfactory epithelium, although to date, no direct evidence exists to support this view.
Sex and hormonal status also have major effects on olfactory behaviour. Laska (1989, 
1990a) used male animals in his experiments, probably because of the possible effect of 
oestrus in females on olfactory sensitivity. Cycle-dependent fluctuations in olfactory 
acuity have also been found in rats (Pietras & Moulton 1974) and humans (LeMagnen 
1952; Henkin 1974). Doty (1986) stressed that in human females the relationship 
between olfactory sensitivity and plasma oestradiol was highly correlated not causal. His 
reason for caution was because attenuation of the cyclical oestradiol fluctuations by oral 
contraceptives did not eliminate olfactory fluctuations (Doty et al. 1981). Oestrus and 
olfactory acuity in female bats have not yet been investigated, but could be important for 
future studies of chiropteran olfaction. It is for this reason that Laska (1989) used only 
male C. perspicillata for his odour threshold and discrimination experiments. Male 
P. poliocephalus and P. scapulatus show distinct seasonality in their plasma testosterone 
levels. Testis size and weight are associated with this change (McGuckin & Blackshaw 
1987a, 1987b, 1991), and at these times there is also a distinct increase in sniffing 
behaviour in both species (Walden 1992). Male to female interactions are particularly 
affected, with head to neck/ shoulder and head to vulva interactions being the most 
prominent at this stage. Establishment of a relationship between hormonal status and 
olfactory behaviour in Australian pteropodids would be of significance in the current 
understanding of these bats.
In addition No humidity and oestrus, an animal's state of hunger also affects olfactory 
sensitivity (Hammer 1951; Noväkovä & Dlouha 1960). Sensitivity to odours is greatest 
prior to feeding and olfactory thresholds increase after feeding. These influences are of 
interest in the case of some pteropodids, since they often increase attacks on crops on still 
damp nights, on or after heavy rain, as was observed for P.poliocephalus (McWilliam 
1985). In such a situation the animals are probably hungry because they will not have fed 
since the early hours of that day, and with high humidity after rain their olfactory 
sensitivity will presumably be maximal, just when it is needed to aid in food location. In 
a study of the taste preferences of the vespertilionid M. myotis, Harmata (1990) showed 
that the amount of food previously eaten affected the food preference expressed. The 
number of negative reactions towards rejected tastes increased in animals that were fed 
prior to the trials.
2.2 .3 .2  Odour Thresholds in the Chiroptera
Methods of accurately determining olfactory thresholds in bats have to date favoured the 
analysis of sniff rates as an indicator of the perception of an odour (Schmidt 1975; Obst 
& Schmidt 1976; Schmidt & Schmidt 1978; Laska 1989, 1990b). This method, 
originally developed for rats (Teichner 1966; Teichner et al. 1967), uses the number, 
duration and intensity of sniffs in an odour-controlled environment. The amount of 
sniffing during a control period is compared to that before and after the presentation of an 
odour. It is assumed that a decreased sniff rate indicates an aversion to an odour, and 
conversely an increased sniff rate an attraction to an odour. Teichner's interpretation is 
rather limited and needs to be viewed with caution, since Welker (1964) observed that
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any novel stimulus whether visual, olfactory, auditory or tactile is capable of arousing 
sniffing behaviour in the rat.
For C. perspicillata Laska (1990a, 1990b) allowed a four week period for the bats to 
become accustomed to the apparatus and therefore reduced the effects of novel cues on 
spontaneous sniffing frequency. Teichner et al (1967) also advocated as little restriction 
as possible on the movement of the animals, since less restrained animals exhibited 
sniffing behaviour more readily. Presumably the effect of restraining the bats in a 'bat 
chair' (Schmidt & Schmidt 1978; Laska 1989; 1990a) on sniffing behaviour is
minimised by incorporation of a familiarisation period into the experimental design.
Bats exhibit different patterns of sniffing in response to novel odours compared to other 
animals. C. perspicillata for example displays a sniffing bout that consists of a rapid 
sequence of shallow inspirations and expirations (Laska 1990b) very similar to that 
observed for the rat (Youngentob & Mozell 1985), but somewhat different from that 
observed in the dog (Neuhaus 1981). Laing (1985) found that in humans the duration of 
a sniff was unaffected by the intensity of the odourant, and that increases in volume of 
odourant inhaled were in direct proportion to increases in sniff duration. In addition, the 
sniff duration to phenyl ethanol (a 'pure' olfactory stimulus) was 0.39s compared to 
0.64s for propionic acid, a known nasal irritant. This increase in sniff duration, or 
reduced sniffing frequency is as predicted by Teichner (1966) and colleagues (Teichner et 
al. 1967), and a reduction in respiration frequency was also found for M. myotis when 
exposed to high concentrations of ammonia, propionic aldehyde, butyric aldehyde and 
butyric methyl ester.(Schmidt & Schmidt 1978). D. rotundus, P. discolor and 
A. lituratus showed increased respiration frequencies to all odourants but no frequency 
reduction to the possible irritating odours at high concentrations. Laska (1990a) 
supported the observation with C. perspicillata, and reduction in breathing frequency in 
response to irritant or repellent odours was not observed.
It therefore appears that a difference in characteristics of sniffing behaviour in response to 
different odours at high concentrations, exists between different bat species. These 
differences are an important consideration in the interpretation of results from sniff rate 
analysis methods when used to measure olfactory responses in bats.
2.2.3 .3  Responses of Fruit Bats to Specific Food Volatiles
Although some work of a general nature has been performed on detection and 
discrimination by frugivorous bats to fruit volatiles (Möhres & Kulzer 1956; Bhatnagar 
1972; Wolff 1981; Laska & Schmidt 1986; Reiger & Jakob 1988), few looked at 
response elicited by specific chemical substances associated with foods likely to be 
encountered by the bats in their natural environment.
Even fewer studies have been directed towards non-frugivorous bats, however, the 
preference responses of Desmodus rotundus. to butyric acid have been investigated 
(Schmidt & Greenhall 1971). In comparisons with other work on olfactory thresholds in 
dogs (Neuhaus 1953), hedgehogs (Bretting 1972), humans (von Skramlik 1948) and 
Desmodus (Schmidt 1975; Schmidt & Greenhall 1971), butyric acid is the most readily
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perceived odour. This is most often associated with animal metabolism and most likely 
acts as an olfactory cue in the location of food by these animals (Laska 1990b). 
M. myot i s ,  an insectivore, is most sensitive to acetic aldehyde (1.7 x 101 1 
molecules cm-3), but is much less acute in its sense of smell than D. rotundus. It is 
likely that the reported high degree of host specificity in Desmodus rotundus (Turner 
1975) is related to the ability of these bats to respond to butyric acids and low molecular 
eight aldehydes and ketones secreted by target animals (Schmidt 1973;.Schmidt & 
Schmidt 1978).
The frugivorous phyllostomids A. lituratus and P. discolor showed responses to a 
variety of alcohols, acids, aldehydes and esters (Schmidt 1975; Schmidt & Schmidt 
1978), with the lowest detection threshold found for propionic aldehyde (6 x 108 
molecules cm*3). Laska and Schmidt (1986) were one of the first to attempt to correlate 
specific components of fruit odour profiles with responses exhibited by C. perspicillata. 
The authors analysed the volatiles of overripe, yellow and green bananas in an attempt to 
gain an insight into the preferences of the bats for overripe fruit. Further investigation 
(Laska 1989, 1990, 1990a) showed that C. perspicillata is most sensitive to fruit typical 
odour components such as ethyl butyrate, n-pentyl acetate and linalool, and that such a 
specific spectrum of odour sensitivity may be associated with the nutritional specialisation 
of this animal.
The ability of C. perspicillata to distinguish between different stages of ripeness in 
banana fruit has implications for frugivores generally. In the banana, an increase in 
ethanol and 2-pentanone has been associated with the ripening process (Laska 1989; 
Laska & Schmidt 1986). Tressl and Jennings (1972) monitored increases in ethanol, 
ethyl acetate and ethyl butyrate with post climacteric ripening. The changes in 
composition of volatiles with fruit ripening have been suggested to be of significance in 
relation to food location behaviour of frugivorous Megachiropterans (Tidemann & Nelson 
1987; Oldfield 1993a, 1993c). In the Carollia - banana example, sensitivity to ethyl 
butyrate was particularly high, supporting the suggestion that this animal locates specific 
odour components in order to determine fruit ripeness and hence contribute to selection of 
that fruit (Laska 1989). Since the nutritive value (in terms of the percentage of soluble 
carbohydrates) is highly correlated with stage of fruit maturity (Nagy & Shaw 1980), 
then for a frugivorous bat this ability to analyse the volatile components of a ripening fruit 
through olfaction is important to maximise the energy return from foraging. For 
frugivorous megachiropterans, Möhres and Kulzer (1956) indicated that Rousettus 
aegyptiacus has a highly discriminating sense of smell, capable of distinguishing 
between ripe banana and banana essence. The preference for ripe or overripe fruit by 
Australian pteropodids has been reported (McWilliam 1985; Jamieson 1988) however 
influences other than volatiles produced attract bats to the fruit. Hunger is the most 
obvious, as Tidemann and Nelson (1987) indicated that the bats will attack even unripe 
fruit when the mass flowering failures of their preferred natural eucalyptus occurs. It is 
however likely that their olfactory sense is a considerable aid in location of alternative 
food sources in the event of bad eucalyptus blossom years.
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2 .3  A Local Perspective: Feeding Behaviour in Australian Pteropodidae
Worldwide, information on feeding behaviour is available for only around half of the 
species of Pteropus (Pierson & Rainey 1992). One of the earliest known reports of the 
feeding behaviour of an Australian pteropodid was the account of Moseley (1879) who 
described P. scapulatus in Botany Bay "feeding on the flowers of the gum trees". He 
later stated that "they must probably act as fertilisers, by carrying pollen from tree to tree, 
adherent to their fur", but considered that pollination of eucalypts by Pteropus in this 
instance was only incidental and occasional, without any special adaptation by either 
flower or the bats themselves.
More recent studies of the feeding behaviour of Australian pteropodids were pioneered by 
Ratcliffe (1931, 1932) and Nelson (1963, 1965a, 1965b). The four large species 
P. poliocephalus, P. alecto, P. scapulatus and P. conspicillatus all feed on plant 
products, either floral components (nectar, pollen, petals, bracts), forest fruits or 
occasionally on commercial orchard fruits (Hall 1987; Mickleburgh et al. 1992, for 
reviews). Of the four, P. conspicillatus tends not to migrate, coastal P. poliocephalus 
moves up and down the coast with only inland P. scapulatus undertaking major, albeit 
erratic movements. These are thought to be related to the seasonal flowering patterns of 
preferred plant species, particularly Eucalyptus (Ratcliffe 1932; Nelson 1965b). Without 
the aid of echolocation the flying-foxes are thought to depend more heavily than 
microchiropterans on visual and olfactory cues to locate and select target food items. 
They have an equivalent level of visual acuity and rod cell density as the domestic cat, 
Felis catus (Neuweiler 1962), rendering them suited to twilight conditions but not 
complete darkness. Only recently has behavioural evidence emerged for a keen olfactory 
sense in Australian pteropodids (Oldfield 1993a, 1993b; Oldfield et al. 1992). Over short 
distances P. alecto. P. poliocephalus and P. scapulatus can not only discriminate 
between different plant-derived odours, but they have different patterns of preference for 
odours. A description of their general behaviour is therefore relevant at this point.
2.3.1 General Biology of the Study Species
Research efforts in the past have concentrated largely on P. poliocephalus , P. alecto and 
P. scapulatus., with studies of social structure and behaviour of these species. These 
three species are the most important economically because of their occasional 
depredations upon fruit orchards (Tidemann & Nelson 1987; Jamieson 1988). They are, 
however, quite different in terms of their distributions (Fig. 3.4), general reproductive 
behaviour and movements related to feeding.
2.3.1.1 Pteropus poliocephalus
Of all Pteropus species it occurs at the highest latitude. This species is distributed 
predominantly in south-eastern Australia (Fig 3.4) and is most often reported in relation 
to its feeding in fruit orchards throughout its range. It is essentially a coastal species, 
seldom occurring more than 150km inland (Richards 1983). Camp sizes peak in summer 
when blossom is most abundant. Possessing distinctive orange/brown fur around the
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neck and shoulders with greyish fur on the head, it is clearly recognisable in good light 
conditions. Mature adult males in the wild weigh between 500g and 1100g and females 
from 460 to 800g (Hall 1987; Oldfield - own observations). After a six month gestation 
period young are born in late September and October, become independent in January, 
after which adults begin to form new mating territories leading to conception in March 
and April (McGuckin & Blackshaw 1991).
2 . 3 . 1.2 P. scapulatus
This is the most widely distributed species in Australia. It favours riparian habitat 
throughout its range (Hall 1987; Loughland 1993) and is highly nomadic. Adult body 
weights range from 200g to 600g in the wild, however, their reproductive cycle appears 
to be six months out of phase with that of P. poliocephalus (Hall 1987, McGuckin & 
Blackshaw 1991, Parry-Jones & Augee 1991) Single young are usually born during 
April and May and become independent by October. Mature adults form mating 
territories in November. Females conceive in December and form maternity colonies 
during January (Hall 1987; Parry-Jones & Augee 1991). The nomadic movements of 
this species are related to mass flowering of native hardwoods, as is probably the case 
with P. poliocephalus and P. alecto, however camps are generally more transient than 
other species (Richards 1983; Hall 1987, for full description of species).
2 . 3 . 1.3 P. alecto
This is the second most widely distributed species of all Australian Megachiropterans. It 
is usually found within 80km of the coast (Loughland 1993; C. Tidemann, pers. 
com m .12), often frequenting mangrove swamps. Preferred food are blossoms of 
eucalypts, paper barks and turpentines (Richards 1983) and it is thought that movements 
from camps and throughout their distribution are related to food availability, as is the case 
with other Pteropus species. Much less is known about the reproductive cycle of this 
species. Single young have been observed as early as August although peak births occur 
in October. Nelson (1965b) noted that their sexual behaviour was synchronous with that 
of P. poliocephalus, however, it appears that both species are not entirely matched in their 
pattern of copulation and birth. Martin and colleagues (1987) reported P. alecto being 
active several weeks after P. poliocephalus and made the general comment that for all 
Pteropus species with the exception of P. scapulatus the majority of births occur over the 
same short period each year with major differences for late births. Pelage is normally a 
uniform black over head and body and shorter than that found on P. poliocephalus. 
Occasionally red fur is detected on the back of the neck and around the eyes. Mature 
adults weigh 350g to 1000g (Richards 1983; Hall 1987; O'Brien - unpublished data; 
author's own observations).
12 Ibid
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2 . 3 . 2  Diet
The association of flying movements with the ripening of fruits (Jameson 1909) was 
reported for Epomophorus wahlbergi in South Africa, and with the appearance of 
blossom (Ratcliffe 1931, 1932) for Australian Pteropodidae. Ratcliffe was the first to 
undertake a detailed study of aspects of the feeding ecology of Australian flying-foxes. 
He indicated that the diets of the flying-foxes P. scapulatus, P. poliocephalus, P. alecto 
and P. conspicillatus were primarily blossom and fruit of rainforest trees, although he 
commented on the general nature of their diet being such that to list their foods would be 
meaningless without some indication of dietary preferences.
The feeding preferences of Australian pteropodids differ among the four species already 
mentioned, and are thought to be quite different from the remaining pteropodids in 
Australia, Dobsonia moluccensis, Nyctimene robinsonii, Nyctimene albiventer, 
Syconycteris australis, Macroglossus lagochilus (Hall & Richards 1979). Until very 
recently little was known about the dietary preferences of even the most common species, 
P. poliocephalus and P. scapulatus. Nelson (1965a, 1965b) noted that the greatest 
amount of blossom in south - east Queensland occurred during October - January that 
coincided with peak numbers of flying foxes in summer camps. This indicated that the 
numbers of these animals may be related to the seasonal variation in the availability of 
blossom and fruit and confirmed the comments of Ratcliffe (1931) about P. scapulatus 
that its extensive and often irregular migrations are governed by the blossoming of 
hardwood trees.
The variation in climate, fruiting and flowering of food plants and corresponding changes 
in distribution of pteropodids makes it difficult to produce definitive information on 
dietary preferences. McWilliam (1985) attempted to describe the preferences for the most 
commonly encountered bat species in north-eastern New South Wales. He found that 
P.scapulatus  diet was restricted to blossom, particularly M. quinquenervia  and 
B. serra tifo lia , but would also, in good blossom years, feed on E. maculata, 
E. paniculata, E. pilularis and E. gummifera. Acacia blossom was suggested as a 
component of the diet of P.scapulatus (alongside Eucalyptus and Melaleuca), in an area 
near Maura, Queensland (Prociv 1983), and also near Grantham, Queensland where 
Acacia, Eucalyptus and Casuarina predominated. The inclusion of Acacia is somewhat 
surprising, since although they have been observed roosting in Acacia trees, they rarely, 
if ever have been observed feeding on them (M. McCoy - pers. comm.13)
There was no record of P. scapulatus choosing commercial fruit crops, but although 
generally not considered a persistent orchard pest (Hall 1987) they have been reported in 
orchards (Ratcliffe 1931; McWilliam 1985; Parry-Jones & Martin 1987). Richards 
(1991) reported severe effects of large scale blossom failure on P .scapu la tu s  
populations. Some weaker individuals showed behavioural changes in feeding pattern 
and predator avoidance, presumably induced by extreme hunger. In such circumstances 
migrating P.scapulatus occasionally raid orchards, especially citrus and stonefruit, when 
native blossoms fail. Although large camps of P.scapulatus were reported in Balladan, 
NSW, the visitation to pomefruit orchards on a regular basis was made only by small 
groups of two or three animals and feeding mainly limited to stonefruit. The reason for
Department of Zoology, ANU.
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the relatively low incidence of attacks on orchards reported for P. scapulatus may be due 
to its dental anatomy or innate preference for blossom. This species has reduced dentition 
compared to the other large Australian pteropodids, having normal canines but small and 
narrow cheek teeth. Dental anatomy therefore indicates a nectivorous/pollinivorous 
animal with fruit contributing only a small part in the diet of this species (McCoy 1991b).
McCoy (1991a, 1991b) discovered that for P.scapulatus and P. alecto in Kakadu, NT, 
65.4% of the flowering species selected belonged to the family Myrtaceae, with the 
second most frequently visited group being the Proteacae. In a review of diets of 
Australian bats, she revealed that from all the studies of P.scapulatus, myrtaceous flowers 
comprised 71.3% of the diet. Analyses of faeces and expectorated material found at the 
bases of food trees revealed a total of 51 flower species with a heavy emphasis on the 
open-forest type species.
P. poliocephalus in comparison tends to be a more generalised, opportunistic feeder that 
can take advantage of a wide range of foods as and when they become available 
(Puddicombe 1981). Of all the Australian pteropodids, this species is probably the one 
that has been most extensively studied regarding its feeding ecology (Ratcliffe 1931; 
McWilliam 1985; Parry-Jones 1987, 1990; Parry-Jones & Martin 1987; Parry-Jones & 
Augee 1991), and feeding preferences in captivity (MacDonald 1991). Parry-Jones 
(1987) reported the appearance of winter P.poliocephalus to be limited to blossoming or 
fruiting of a specific food source, in a similar manner to that earlier reported by Nelson in 
south - east Queensland. The movements of both P.scapulatus and P.'poliocephalus in 
response to variations in availability of eucalypt blossom resemble that found for other 
pteropodids such as P. giganteus in India (Advani 1982), where fruit availability 
influenced the bats' movements. Establishing such a link between blossoming and 
appearance of a food source is more difficult for summer colonies because of the 
increased variety of fruit and blossom available during the summer.
In a study of material collected from faeces and expectorated pellets (Eby 1995), 
P.poliocephalus was found to have fed on 3 species, of Arecaceae, 1 Ebenaceae, 1 
Ehretiaceae, 1 Eleocarpaceae, 1 Euphorbiaceae, 5 Moraceae (mostly Ficus spp.), 2 
Myrtaceae. 1 Rhamnaceae, 3 Sapindaceae, 1 Solanaceae, and a variety of cultivated fruit 
including guava, banana, nectarine, apricot, plum, passionfruit, lychee, custard apple, 
avocado and persimmons. This bat is considered the prime culprit in attacks on fruit 
orchards in Queensland and NSW (Fleming & Robinson 1987; Loebel & Sanewski 1987; 
Jamieson 1988).
Concentrating on fruit losses from flying foxes during 1984-1987, Jamieson (1988) 
reported heaviest losses in lychee, followed by pawpaws, pomefruit, stonefruit, mango, 
citrus, custard apple, banana, persimmon and avocado, with grapes, kiwifruit and 
passionfruit being largely unaffected. A similar survey of NSW fruitgrowers (Tidemann 
et al. 1991- unpublished data) reveals a slightly different pattern of preference, with 
bananas and stonefruits reported most frequently as preferred fruits attacked by 
P.poliocephalus and P. alecto, and P.scapulatus attacks occurring less often.
Pteropus alecto tends to raid orchards only in the south-eastern part of its distribution 
(Hall 1987), with a preference for mangoes (Hall 1983a; Tedman & Hall 1985), and paw
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paws (Tedman & Hall 1985) when cultivated fruit is selected. The preference for mango 
is reflected in a faster transit time through the alimentary canal (Tedman & Hall 1985) 
with a mean minimum transit time in P. alecto of 12 min compared to 22 min for pawpaw 
and 26 min for pear and apple. In the natural feeding situation, in addition to nutritional 
attractiveness, rapid food passage is highly desirable for the attainment of optimal 
foraging (Fleming 1982). Ratcliffe (1931) commented that both P. alecto and P. 
conspicillatus had a particular preference for cultivated fruit, and that both would eat 
citrus, especially mandarins, whereas P. poliocephalus would not (Ratcliffe 1932). By 
implication, one would therefore expect P. alecto to express greater preferences for citrus 
attractants, such as odour, than would P. poliocephalus or P. scapulatus. This has been 
investigated and indeed P. alecto appears to select citrus odours more frequently under 
controlled conditions, than do P. poliocephalus and P. scapulatus (Oldfield 1993b).
McWilliam (1985) reported P. alecto feeding on Castanospermum australe, Eleocarpus 
grandis, Melaleuca quinquinervia and Banksia integrifolia, but with an apparent 
difference compared to P. poliocephalus and P. scapulatus in that P. alecto tended not to 
follow the flowering of eucalypts. Dobat & Piekert-Holle (1985) surveyed a number of 
papers (Ratcliffe 1931; Ratcliffe 1932; Armstrong 1979; Recher 1981; Marshall 1985) 
in compiling a list of food plants for frugivorous and nectivorous bats. Included for 
P. a lecto  (and the subspecies P. a. gouldii) were Bauhinia hookeri, Loranthus, 
Angophora costata, Syncarpia glomulifera, S. hillii, and Banksia aerula, as well as those 
previously mentioned. Marshalls survey (Marshall 1985) covered fruits, flowers and 
leaves for all pteropodids including extralimital distributions of Australian pteropodids. 
P. alecto appears to rely predominantly on species from Myrtaceae and Proteaceae as the 
main component of their diet. Exceptions include differences in preferences for cultivated 
fruit usually in poor 'natural' blossom years, and more frequently recorded consumption 
of rainforest fruits (Richards 1990b) compared to P. scapulatus and P. poliocephalus.
The utilisation of rainforest fruits by P. alecto is much less than that recorded for 
P. conspicillatus, which shows a heavy bias towards rainforest tracts and riverine 
rainforest (Richards 1990b). It is restricted not only in its distribution, being confined to 
coastal north-east Queensland (Hall 1983a, 1987; Hall & Richards 1979), but also limits 
the distance of the day roosts to rainforest feeding areas, with a maximum distance of 
6.5km for P. conspicillatus compared to 61.2 ± 30.7km for P. alecto. In a detailed 
analysis of the diet of P. conspicillatus, Richards (1990b) found 10 species of native 
flowers, 26 species of native fruits, 13 species of cultivated fruits and one instance of 
folivory. Of the native flowers, 3 out of 10 were of rainforest origin and native fruits 22 
out of 26 were rainforest fruits. Thus 69.4% of the native flowers and fruits eaten were 
from rainforests, which represents 50% of the total plant products found in 
P. conspicillatus diet. Richards comments that the 26% cultivated fruit in the diet is a 
reflection of the bias towards cultivated fruit in the study due to "the considerable 
difficulty of gathering data from rainforest situations that are often remote". Other than 
rainforest fruits the secondary component of the diet of P. conspicillatus appears to be 
eucalypt blossom (Hall 1983b; Richards 1985). In contrast to P.scapulatus, Richards 
(1990b) suggests that P. conspicillatus seeks flowering eucalypts with some prior 
knowledge of the location of the blossom when foraging in rainforests, as opposed to 
opportunistic feeding observed for P. scapulatus when there had been a large scale 
blossom failure elsewhere.
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Whether opportunistic or predetermined, olfaction is likely to make a significant 
contribution to food location behaviour of these animals. Its importance may be more 
significant in other Australian pteropodids which are thought to be dominated by blossom 
and nectar dependency, with fruits eaten only occasionally.
Folivory has previously been reported for Megachiropterans, where the leaves are 
normally chewed and pellets spat out after the juice is swallowed (van der Pijl 1957; 
Lewis & Harrison 1962; Rosevear 1965; Cunningham van Someren 1972; Funmilayo 
1976; Wickler & Seibt 1976; Spitzenberger & Bauer 1979; Cheke & Dahl 1981; Thomas 
1982; Funakoshi et al. 1993; Zortea & Mendes 1993). Marshall (1985) in a review of 
these papers notes that the leaves seldom form a prominent part of the diet of these 
animals and perhaps are taken only when food is in short supply. Although leaves make 
a small contribution to the diet of these bats, Funakoshi and colleagues made particular 
note that for Pteropus dasymallus it was nonetheless significant. Wickler and Seibt 
(1976) went further and reported that Epomophorus wahlbergi fed heavily on the leaves 
of Balanites wilsonia, and suggested that although the leaves contained more protein than 
found in Ficus, Acacia and Milia leaf, it was not the protein that was attracting the bats 
but perhaps the presence of two steroids, diosgenin and yamogenin. These may be used 
for steroid hormone synthesis and could be the reason for leaf consumption. The 
function of leaf eating in Rousettus aegyptiacus (Cunningham vän Someren 1972) and 
Eidolon species (Rosevear 1965) is also unknown.
The larger Australian Pteropodids, notably P. poliocephalus, P. alecto  and 
P. conspicillatus have also been observed exhibiting this somewhat unusual feeding 
behaviour (Ratcliffe 1931; Nelson 1965a; Richards & Prociv 1984; Lowry 1989; 
Richards 1990b; Parry-Jones & Augee 1991). Similarly it seems that this preference is 
increased when food availability is low, although Richards and Prociv (1984) reported 
unidentified Pteropus species leaf feeding on Albizzia procera that was without fruit or 
flowers, when nearby Melaleuca leucodendron were full of blossom.
It may be that perhaps some additional nutritional requirement is met by leaf 
consumption. Steller (1986) investigated energy and nitrogen requirements of 
P.poliocephalus and found that its low BMR is in correlation with poor nitrogen 
availability in the diet, since most nitrogen (in the seeds of the fruit) is spat out or if 
ingested is not readily digestible. Thus nitrogen is limiting in its diet, and Lowry (1989) 
suggested that for P. alecto feeding on leaves of Albizia lebek, a distinct fractionation 
process occurred which allowed the animal to concentrate protein in the liquid fraction 
and supplement the normal low nitrogen diet in these bats and many other frugivorous 
m egachiropterans. In contrast, Parry-Jones and Augee (1991) found for 
P.poliocephalus, no spat out pellet as reported previously (Richards & Prociv 1984; 
Lowry 1989), but leaf remains occurred frequently in faecal samples. Rather than leaves 
being consumed solely to supplement low protein in the diet, these authors suggested that 
hairs from the underside of the leaf of Avicennia marina var. australascica associated with 
salt glands, found in the faeces indicate that P.poliocephalus was eating these leaves for 
the salt with 'secondary supplements' to the diet.
The reports of bark chewing might also fall into this category. Parry-Jones and Augee 
(1991) have observed this behaviour for P. poliocephalus and P. scapulatus respectively, 
although the exact role of this behaviour is not known and remains uninvestigated.
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P. poliocephalus chews the bark and spits it out, and this occurs both in the wild and in 
captivity.
P. seychellensis aldabrensis has been observed feeding on honeydew deposition on 
coccoids (Roberts & Seabrook 1989). This honeydew coats their leaves and contains 
many amino acids, sugars and other nutrients and for this reason may be selected by this 
bat. It is known that some Australian vertebrates use similar high carbohydrate sources 
such as honey dew, and recent evidence for P. scapulatus indicates the use of lerps (Law 
1994). Parry-Jones and Augee (1991) rightly state that if this was the case then it would 
be undetectable in the bats faecal samples. This might be revealed in future studies with 
captive animals.
2 .4  Conclusions
(i) Widely differing and differentiated olfactory structures are prevalent throughout the 
Chiroptera. Frugivorous phyllostomids possess the highest numbers of turbinal 
ridges bearing sensory epithelia, higher El values and relatively larger MOB and 
cribriform plate areas. These characteristics predispose the Phyllostomidae towards 
a high degree of olfactory acuity.
(ii) On the basis of anatomical evidence, the least developed (and presumably 
olfactarily capable) bats belong to the Vespertilionidae. The tendency for reduced 
reliance on vision and olfaction as echolocation ability increases is apparent. In this 
context the echolocating phyllostomids are somewhat of a conundrum.
(iii) Bats with the most well developed VNO are the most dependent on a capable 
olfactory system. This places Pteropus species in an exceptional position, since, in 
the absence of a VNO they still appear to rely on olfaction and demonstrate 
significant olfactory discriminatory abilities.
(iv) Behavioural and physiological studies indicate that frugivorous and sanguivorous 
phyllostomids are the most olfactarily capable, followed by Megachiropterans that 
demonstrate considerable but more limited acuity. Insectivorous Microchiropterans 
appear to be the least competent in the use of olfaction for food location, although 
the extent of their use of odours in social communication is unknown.
(v) The dearth of information on olfactory abilities of Megachiropterans, particularly in 
behavioural studies, indicates a serious gap in knowledge regarding chiropteran 
olfactory ability, and needs to be addressed as a matter of some urgency.
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SECTION II: PRELIMINARY STUDIES
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II.I General Introduction
The usefulness of any behavioural data depends on their reproducibility and reliability. 
All factors responsible for variation within and between experiments must therefore be 
defined and controlled. To minimize this variability, animals should be maintained in 
environments that are appropriate to the species and its life history. The maintenance of a 
good quality housing environment (psychological and physical) and archiving of baseline 
behavioural responses are the essential requirements for understanding animals new to a 
laboratory (Besch 1990).
Preliminary observation of behaviour is important for two reasons: (i) to provide the raw 
material for hypothesis formulation that has to occur in the early stages of a behavioural 
investigation, and (ii) selection of the correct recording methods and measures requires 
some prior knowledge of the experimental animals and their behaviour. The need for 
such extensive preliminary studies is particularly important when the experimental 
protocol includes the use of wild animals brought into the laboratory.
The studies described in this section involved the capture of wild animals and their 
acclimatisation prior to experimentation in artificial conditions. As a result an extensive 
preliminary trials period was necessary to monitor the transition in behaviour, categorise 
behaviour types, identify stress-related behaviours, and finally to determine the initial 
responses of the bats to presented stimuli. The investigations performed served to 
monitor stability to captivity in the bats during the pre-trial period and archive the 
behaviours of the bats for reference purposes. Together with intial preference data to 
determine whether the bats could detect odours, (and hence whether detailed odour trials 
were necessary), the experiments in this section laid the foundations for all of the detailed 
studies that followed.
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Chapter 3. Bat Husbandry
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3.1 Introduction
Bats have many special requirements for successful maintenance in the laboratory, prior 
to and during experimental trials. Until the pioneering studies of Rasweiler in the mid- 
1970's, little attention had been paid to this aspect of bat biology (Rasweiler 1975, 1977).
Megachiropterans have been kept in zoos under a wide variety of conditions. Diets and 
housing conditions are well documented for these bats (van Dyck 1982; Wilson 1988), 
but preparation for olfactory studies places more stringent demands on the need to 
stabilise and maintain animals during trials periods. The studies outlined in this chapter 
describe the attempts to standardise housing environment and feeding regimes, in addition 
to monitoring bats' physical condition prior to main preference trials.
3 .2  Methods for Animal Collection and Laboratory Maintenance 
3.2 .1  Capture of Animals in the Field
Previously untagged wild individuals of P. poliocephalus , P. alecto and P. scapulatus 
were collected from established wild colonies at Susan Island, Grafton NSW (29° 41' S, 
152° 54' E) and Currie Park, Lismore NSW (28° 48’ S, 153° 18’ E). All animals were 
captured at dusk exit and dawn return flights to and from the colony respectively using a 
Pteropus harp trap (Tidemann & Loughland 1993). Two of each of P. scapulatus and 
P. alecto were obtained from a captive colony at the University of Queensland, all of 
which were wild-caught at Indooroopilly Island, Brisbane Queensland (27° 30' S, 153° 
00' E) (G. O'Brien - pers. comm.14).
Seven adult males of each species were captured and returned to the Native Animal 
Enclosure at the Australian National University. Mature, presumably experienced 
feeders, only were selected (> 450g for P. poliocephalus and P. alecto; >350g for 
P. scapulatus) on the assumption that investigations of their odour preferences would 
elucidate non-laboratory-conditioned responses.
3 .2 .2  Housing 
3 .2 .2 .1  Outdoor Cage
In accordance with recommendations of van Dyck (1982), during non-experimental 
periods (usually summer) all individuals were housed together, outdoors, in a cage 
measuring approximately 5m x 2.5m x 2.5m with an earthen floor. Roof mesh size was 
made 25mm to reduce injuries to thumb claws and toes (MacNamara et al 1980). 
Feeding dishes (plastic, 20cm x 10cm x 10cm, wall-mounted; one dish per two 
individuals) were distributed at different heights and were kept as far apart from each 
other as possible in an attempt to prevent dominant males from establishing firm 
territories at specific locations within the cage. One end of the outdoor cage was covered
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with corrugated roofing material out to a distance of 2m. In addition, the side walls at 
this end were covered with similar panelling to a depth of 0.5m from the roof to provide 
bats with adequate protection from sun, wind and rain.
All animals in this study were transferred to indoor cages during the winter months to 
avoid prolonged exposure to low temperatures, enable their condition to be maintained 
and closely monitored before and during the trials period.
3.2 .2 .2  Indoor Cages
With the exception of the winter cage, these cages were located indoors under day/night 
reversal conditions as described in Section 3.2.3.1 (Fig. 3.1).
(a) Winter Cage:-
This cage measuring 2m x 1.5m x 1.5m, constructed from similar materials as was the 
outdoor cage, was used to house the bats during the colder months (3.2.2.1) 
Environmental conditions are described in section 3.2.3.1.
(b) Home Cage:-
Individuals from a single species (seven adult males) were transferred to this cage several 
weeks prior to the onset of odour preference trials. Cage construction was essentially the 
same as for the outdoor cage with the exception of the protective panelling. Overall 
dimensions were approximately 2.8m x 2.0m x 1.5m. A 50mm gap was maintained 
between the floor and the base of the cage to facilitate the easy removal of a PVC sheet 
which allowed for collection of expectorated material, urine and faeces. Feeding dishes 
were distributed as described in 3.2.2.1.
(c) Preference Chamber: -
An odour preference chamber (Fig. 3.2e, f) was constructed from plexiglass and stainless 
steel. The material was joined by a non-absorbent waterproof adhesive plus high-quality 
stainless steel screws and hinges, stainless steel being commonly accepted as the best 
choice of materials for olfactometric purposes (Dravnieks 1975; Stevens & O'Keefe 
1970) (Preference chamber dimensions Fig. A.3.1).
The central chamber was measured to allow for the fully extended wing span of an adult 
P. alecto or P. poliocephalus with the side chambers allowing for entry of only for the 
head and body of the animal whilst it investigated the stimulus and collected the reward. 
All internal corners were rounded where possible and edges of the stainless steel mesh 
insert, which allowed the animal to climb over all the internal surfaces of the chamber, 
were protected with PVC tubing to reduce the risk of injury to the animals. A "transfer 
box" was constructed from black plexiglass lined with an internal stainless steel mesh. 
This box allowed animals to be transferred from the home cage to the test cage and 
stabilised in low-light conditions prior to the onset of a trial (black box in
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Figs. 3.1e & f). Test odours were placed beneath a perforated plexiglass grid (50% 
open area, 5mm diameter holes). The distance from the evaporating surface to the floor 
of the perforated plate, ie the "decision distance", was measured at 60mm. This was the 
minimum distance that a test animal was able to achieve in relation to the odour stimulus. 
Food rewards in the side chambers were placed in a plexiglass drawer which was slid 
into the chamber immediately prior to the onset of a trial (Fig. 3.3).
The base of the central chamber contained a hole approximately 150mm in diameter which 
allowed access to a stainless steel duct to which an in-line centrifugal extractor fan 
(Ductline E l50 centrifugal) was connected to regulate airflow from top to bottom through 
the chamber. A variable resistance switch allowed flow rates in the chamber to be set at 
different rates up to a maximum of 77Ls_1. Above the base of the main chamber a 
removable plexiglass false floor was installed at a height of 50mm to prevent excreta and 
expectorated material from the test animal from entering the duct system. Around the 
perimeter of the roof and the false floor, ventilation holes (10mm diameter and spaced 
100mm apart) were drilled 50mm in from and parallel to the edge. This particular 
arrangement of hole size and distribution was considered to be optimal for airflow down 
the internal faces of the chamber during purging between trials (L. Alehin - pers. 
comm.15). The exit hole to the fan was inserted at the base of the chamber rather than at 
the top so that the downward airflow would carry odours from the animal's urine and 
faeces down and away from the test odour compartments. This reduced potentially 
disruptive mixing of odours during and between trials.
The fan was therefore mounted 'in-line' in the building roof space to minimise noise 
disturbance to the bats during trials and purging in between trials. The whole chamber 
(including side compartments) was designed specifically to allow easy assembly and 
disassembly for cleaning purposes (Figs 3.2a-f).
3 .2 .3  Stabilisation of Animals in Captivity
Animals identified for preference trials were stabilised prior to the onset of the main trials. 
The stabilisation period varied between species (Fig. 3.6), but generally if the body 
weight remained within a range of ± 5% of capture weight, for a minimum of 10 days, 
then the animals were deemed to be ready for pre-trialing (Gaudet 1988).
3 .2 .3 .1  Environmental Conditions
Bats were stabilised on a day/ night regime which approximated to the annual variance in 
day length close to their capture sites (Oliver 1975; Carroll 1978). Due to the large 
geographic range of the three Pteropus species under investigation day length variation 
was calculated on the basis of where the distributions of P. poliocephalus, P. alecto and 
P. scapulatus overlap (Fig 3.4). The latitude and longitude for the mid-point of the 
region of overlap of the three distributions was the reference point for the calculation of
Ryedale Pty Ltd.
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Figs 3.2 (p. 51 & 52) Assembly of Pteropus preference chamber
(a) Transfer box in position
(b) Attachment of false floor
(c, d) Insertion of inner stainless steel mesh 
(e, f) Completed apparatus with top lid in place
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Fig. 3.4 Distribution of study species in Australia *
Horizontal hatching = P.ulcclu, 
vertical hatching = P. pohocephalus, 
broken line = inland limit of P. scapulatus
(* X  = mid-point of region of overlap for all 3 species, used as a reference for 
determination of day/night regime in the captive studies: ref. Sec. 3.3.1)
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day length throughout the year (Fig. A.3.2; A. Koekemoer - pers. comm.16). All the bats 
used in this study originated from this region of overlap. The variance in the artificial 
day/night regime was therefore almost identical to the seasonal variance for the 25°S, 
149°E reference point in southern Queensland.
Lighting was controlled by time-clocks that were adjusted manually twice monthly to 
effect the seasonal change (Carroll 1978). Daylight was provided by two 1.52m 
fluorescent tubes set in the ceiling, similar to the arrangement used for P. rodricensis 
(Carroll 1978, 1979), with the exception that the ultra-violet spectrum of the tubes used in 
this study was not directly comparable to that of natural daylight (approx. 120 lux). This 
consequently necessitated some dietary supplementation (ref. Sec. 3.3.2). Night lighting 
utilised two pairs of tungsten 150W white spotlights. Light intensity was kept within the 
range 0.45 - 0.85 lux by means of a dimmer switch, comparable to the 0.65 lux level for 
P. giganteus at New York Zoo (Bradford-House & Doherty 1975). This range also 
corresponded with the light intensity of a full moon on a cloudless night, as measured 
from Mount Stromlo Observatory, Canberra.
The changes in light conditions necessitated a similar change in temperature for the 
experience of a seasonal change to be as representative of the natural variation as possible. 
To achieve the temperature control an air convection heater ('Goldair' 2.4kW Model N°- 
3118), sited in the home cage room was used in conjunction with a 4-interval timer 
switch. This allowed for the heater to be active during the coldest periods of the 24-hour 
cycle. During summer mean day temperatures in the indoor bat cage were maintained 
between 18°C and 23°C, and 15°C to 18°C during the winter period.
Humidity was more difficult to control without the use of expensive equipment. The 
indoor primary and secondary housings were hosed each morning for one minute (Pook 
1977). A water trough placed in front of the air convection heater maintained humid 
conditions in the home cage and experimental rooms throughout the day. Humidity was 
measured daily using a swirling psychrometer and calculated using conversion tables for 
wet and dry bulb temperature readings. In association with humidity and temperature 
control, the animal room was ventilated using a high flow exhaust fan (’Ductline' W45 
250, plus DBD 315 damper) to maintain fresh air to the housing room and cage.
3 . 2 . 3 . 2  Diet
Hall and Luckhoff (1983) listed a wide range of fruits which were readily accepted by 
several Pteropus species. This served as an initial guide which was later modified after 
initial observations of the food preferences of the study animals. Apples, recommended 
as the mainstay of the diet for Australian Pteropus species (H. Luckhoff - pers. comm.17) 
formed the basis of the diet in this study. All animals were provided with a combination 
of food types with apple comprising two-thirds of the total weight of food provided.
PhD research student, Mount Stromlo Observatory, Canberra, wrote a program for author to 
calculate daylength for a given set of coordinates.
Meeting at Australian Bat conference April 1990.
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P. alecto and P. poliocephalus were given a minimum of 350g fruit per animal per day 
during the summer months, increasing to 400g per animal in preparation for winter. For 
P. scapulatus the quantity provided averaged 250-300g all year round, due to their lower 
body mass and ability to maintain body mass more effectively over a range of 
temperatures (Lemm 1991). Diet was supplemented by the addition of a flying-fox mix 
('Wombaroo'; Tab. A.3.1 for composition). The supplement powder (7g per 350g solid 
food) was sprinkled onto the food and mixed thoroughly to produce an even distribution 
within the container. This mixing was essential to ensure that the lower ranked 
individuals (who often fed after the dominant males had eaten) were also able to maintain 
a balanced diet. The supplement powder was increased to 10g per 300g food during 
winter months (Collins 1993).
Initially, when introduced to the artificial day/night conditions, animals were fed 
immediately prior to the onset of the dark phase and before onset of the light phase (Pook 
1977). After a two week period corresponding to that required for P. rodricensis to 
completely adjust to a new lighting regime (Carroll 1978), the animals were fed only once 
per day towards the end of the dark phase. During pre-trials and full experimental trials 
those food types which corresponded to test odours were excluded from the diet in order 
to avoid the possibility of the same food type in the diet acting as a confounding stimulus 
(Stevens 1975).
3 .2 .3 .3  Body Weight Measurements
Bats were weighed once per week. Individual animals were identified from both physical 
appearance and thumb ring numbers (ABBS Aluminium size 7, 5.5mm internal diameter 
for P. poliocephalus and P. alecto\ size 6 for P. scapulatus). They were then placed in a 
cotton bag and weighed using a spring balance (Salter 'Super Samson' 1kg ± 5g; 
weighing error as stated by the manufacturers). After weighing, animals were examined 
for injury or disease before being returned to the home cage. Changes in body weight 
were used as an indicator for assessing the status of the animals after potentially traumatic 
events, e.g. change to day/night conditions. Prior to and immediately after the changes in 
conditions animals were weighed daily at the start of the night phase of the cycle. Some 
individuals failed to eat for a short period after such an event, which was expressed as a 
loss in body weight that soon returned after the animals became familiar with the new 
condition. Carroll (1978) measured only activity patterns to assess adjustment to a new 
lighting regime. Using weight changes in addition to behavioural adaptation overcomes 
the disadvantages of non-continuous sampling of behaviour, e.g. where long time interval 
behaviours (roost, walk, hang alert) become over-represented relative to short term 
behaviours (wing shake, allogroom) which are often missed (Carroll 1979).
If an animal's weight failed to stabilise (ie in excess of ±5% of capture weight for more 
than one week of trials) then it was deemed temporarily unfit for trials and removed from 
experiments until weight returned to within the set range (Gaudet 1988). Similarly, if a 
bat sustained an injury which required veterinary treatment (particularly with antibiotics or 
steroids), then the animal was removed from the trials until the course of drug therapy 
was completed, as there existed a risk of its olfactory sensitivity being compromised 
(Mair & Harrison 1991).
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3.3 Results
3.3.1 Environmental Control and Diet
Temperature and humidity controls were the principle concern and did show some 
variability. During summer, in the indoor bat cage mean day temperatures varied from 
18°C to 23°C, but this was difficult to maintain during the winter period (15°C to 18°C) 
due to relatively poor thermal insulation of the housing room (Fig. 3.5). These 
temperature ranges fall within the mean minimum range for summer (18°C to 24°C ) and 
winter isotherms (12°C to 18°C) for the reference position used to standardise conditions 
in this study (Readers Digest Atlas of Australia 1977).
Humidity was more variable than was temperature, with a mean relative humidity of 
63.0% ± 8.5% (std dev; n = 160). The largest range of humidity was 42% - 87% for 
P. alecto . With the relatively simple method used to maintain humidity, this level of 
control was considered acceptable for the general, non-threshold, preference studies.
Bats were presented with a number of food types and of different varieties. Informal 
observations indicated that the bats were selective in their acceptability of some fruits 
types (Tab. 3.1). All species readily accepted banana, fig, grape, mango, nectarine, 
peach, pear, and rock melon. Other fruits were accepted to different levels by the bats, 
e.g. custard apple by only P. poliocephalus, whereas tomatoes and pineapple were 
similarly eaten only by P. scapulatus. In spite of these differences, there were sufficient 
non-test fruit types available to maintain the bats' condition during trials.
3 .3 .2  Body Weight Changes
The sole aim of the body weight monitoring was to ensure that no bats were losing 
condition during the pre-trial and experimental periods. Therefore the statistical analyses 
of individual patterns of body weight change used simple linear correlations to describe 
body weight changes with time. Inspection of individual weight/ time plots (Fig. 3.6) 
indicated that for all three species, while there were differences in absolute weight 
between individuals, all bats showed essentially the same pattern of change.
(a) P. poliocephalus - stabilisation of body weight was apparent for only a short period 
prior to the bats being moved indoors onto the day/night reversal system (Fig. 3.7a). 
Following day/night reversal mean body weight (MBW) returned to and remained within 
the desired range during pre-trials with the exception of a brief period of between days 
140-160 where the MBW hit a minimum at around -8% of capture weight (Fig. 3.7a). 
Body weight returned rapidly upon addition of supplement to the diet (Fig. 3.7). 
Supplement was not given continuously in the first instance because it was necessary to 
establish the importance of the effect of supplementation on body weight, with a view to 
using addition or removal of supplement to control weight within the ± 5% capture 
weight limit during trials. Main trials began and were maintained with MBWs within the 
desired range. It appeared that PpOl and Pp03 (Fig. 3.6a) weights varied more than 
other individuals, although all bats showed essentially the same temporal pattern of 
change. A 2-way ANOVA was not carried out, but one would have expected it to reveal
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Fig. 3.5 Changes in housing environmental conditions for P. alecto du ring  
preliminary and experimental periods.
Tab. 3.1 Range of food types provided for the diet of P. poliocephalus *, 
P. scapulatus2 and P. alecto 3 in captivity.
Fruit Variety
Apple* Red Delicious11’ 2\  Granny Smith11)
Apricot Trevatt13)
Banana* Lady's Finger11- 2* 3), Cavendish11’ 2- 3)
Custard Apple African Pride11)
Fig unspecified11* 2-3)
Grape* unspecified11’ 2>3)
Kiwifruit unspecified12)
Mandarin unspecified12’31
Mango* Kensington11’ 2> 3), Turpentine 11-2’3)
Nectarine* Sunred11- 2’3)
Orange Navel12’3), Valencia 13)
Papaya Solo11’2’ 3)
Peach* Prince11* 2- 3), King (L 2- 3), Gold 0* 2> 3)
Pear Bartlett11- 2’ 3)
Pineapple unspecified12)
Plum Victoria12’3)
Rock Melon* Honeydew11’ 2>3)
Strawberries unspecified12’3)
Tomatoes unspecified12)
(* Highly preferred by the species listed in parentheses. Preference measured by observations on those 
foods consumed most frequently by the bats, plus the weight of the uneaten food both in the feeding 
dishes and that discarded on the floor of the cage).
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Fig. 3.6 (facing page) Changes in body weight of individual bats for each of (a) 
[upper graph] P. poliocephalus, (b) [middle graph] P. scapulatus and (c) 
[lower graph] P. alecto, during the experimental period.
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Fig. 3.7 (Facing page) Mean weight changes (±Standard Error of mean) for (a) 
P.poliocephalus (n =7), (b) P. scapulatus (n = 6) and (c) P. alecto (n = 7, 
except for * where n = 2), during the captivity period (range for ± 5% of capture 
weight indicated; d/n indicates the onset of the period of day/night reversal).
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significant differences between bats and between times, but no significant bat x time 
interaction.
Analysis using simple linear correlation coefficients as in Law (1994), indicated that 
changes in MBW with time were not correlated with any of:- food given (r = 0.002, n/s), 
corrected food eaten (r = 0.005, n/s), relative humidity (r = 0.068, n/s), maximum 
temperature (r = 0.004, n/s) or minimum temperature (r = 0.072, n/s)(r-values calculated 
using a standard statistical package ("Kaleidagraph" 2.1.1; Abelbeck software). It 
appeared that the weight changes coincided with supply of the dietary supplement, 
because the only two occasions during pre- and main trials when body weight fell below 
the -5% minimum corresponded with absence of supplement.
(b) P. scapulatus - MBWs from the onset of day/night reversal through to the beginning 
of the main trial period were stable and lay between zero and +5% of mean capture weight 
(Fig. 3.7b). Three days into the main trial period MBW began to rise and continued to a 
peak on Day 202 with a lower limit of +10% of capture weight. The main trials continued 
with the MBW exceeding +10% of capture weight but the lower limit lying between +5% 
and +8% of capture weight. Bats PsOl and Ps02 (Fig. 3.6b) both showed dramatic 
increases in body weight between Day 185 and Day 200. The cause for this was 
unknown. Weight change in bat Ps04 showed minimal variation from capture weight 
throughout the study period (Fig. 3.6b). Neither MBW or individual weights were 
correlated with any of the measured environmental variables or food supply.
(c) P. alecto - Of the three species under study this remained the most stable regarding 
MBW (Fig. 3.7c). All weights remained within the ± 5% range for the whole study 
period with the exception of a single transgression on day 110, after which it returned to 
the desired range within three days. Individually, animal Pa04 was the most stable over 
time, maintaining its capture weight for almost the whole period in captivity (Fig. 3.6c).
3.4 Discussion
3.4 .1  Housing and Microenvironment
Microenvironmental conditions, especially photoperiod, temperature, humidity and 
elevated ammonia concentrations (from urine), often affect an animal's performance and 
increase susceptibility to disease (Baetjer 1968; Woods 1980). In these preliminary 
observations, temperature was varied in parallel with light intensity to simulate 
environmental variation likely at the site of capture. The suggestion of Wilson (1988) that 
bats should be maintained on a strict 12h/ 12h lighting regime with a narrow temperature 
range, was not adopted because of the risk that Australian Pteropus, being non-equatorial, 
would be adversely affected by such artificial lighting and temperature regimes.
Pook (1977) altered temperatures for P. rodricensis to account for natural daily and 
seasonal temperature variations. In doing so, he caused minimal disruption to species- 
specific behaviours when the bats were transferred to captivity. Some Pteropus species 
are however vulnerable to low temperatures, particularly P. scapulatus (Nelson
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1965b; Tidemann 1987). Puddicombe (1981) reported the temperature range over which 
wild P. poliocephalus were most active was 13°C to 17°C. That this range falls within 
the mean minimum winter isotherm range for the capture site and the winter temperature 
range for the home cage suggests that the captured bats would suffer minimal impact due 
to the move from their natural environment to the artificial enclosure.
Although humidity levels can be critical in the determination of olfactory thresholds 
(Laska et al. 1986), the range in humidity in the pre-trial period was comparable with a 
40% to 70% interval in other non-threshold studies on a variety of mammals (summarised 
in Besch 1990, p.l 18). Wilson (1988) recommended a slightly higher relative humidity 
range of 60% to 90% for most bat genera. All three Pteropus species in this study 
normally experience wide ranges of humidity in their natural environment. P. alecto is 
largely restricted to sub-coastal areas of northern Australia where humidities are relatively 
high, whereas P. scapulatus is probably the most tolerant to low humidities (Lemm 
1991). A maintenance humidity over 60% as in this study is therefore unlikely to have 
had any detrimental effect on the performance of the bats in the subsequent trials.
Both humidity and temperature were maintained due to additional attention paid to the 
efficient ventilation of the enclosure. This is particularly important in olfactory studies as 
animal rooms are considered to have the highest odour index of many room spaces 
(Bameby 1958; Besch 1990). Bat housing, particularly for fruit bats has been noted as 
being problematic in this regard due to the expectorated and faecal material being 
subjected to rapid microbial breakdown (Wilson 1988). The bat housing room was 
typical of many animal rooms where the cage ventilation resulted from passively coupling 
the cage with the room, as opposed to the ideal situation where the cage is supply coupled 
(Woods 1980). A recommended ventilation rate of eleven room air exchanges per hour 
(RAER) has been standard for animal houses in the past few decades (Besch 1990). The 
fan used in the Pteropus home cage room had a maximum extraction rate of 280Ls-l, 
which translated to a RAER of 25.2. At normal operation the RAER was adjusted to 
13.7 and therefore odours remaining in the cage room were minimal and posed no direct 
threat to alteration of bat olfactory behaviour.
3.4 .2  Body Weight and Performance
Generally, any animals that experience stress due to housing environment or some other 
physical or psychological factor, will "become depressed, eat less and groom less than 
normal" (Spinelli 1990). Therefore any sustained divergence from the ± 5% capture 
weight highlighted a need for further investigation, but did not necessarily mean that the 
bats were due for removal from the trials programme.
Collins (unpublished data18) found that individuals of P. poliocephalus were highly 
dependent on dietary supplementation for the maintenance of stable body weight. This 
was somewhat surprising as her method of detection of changes was relatively 
insensitive, animals only being weighed once per month. Adult male P. poliocephalus 
show significant seasonal changes in body weight which often underlie short-term
Manuscript sent to author, March 1993.
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changes due to dietary modification. McGuckin and Blackshaw (1991) revealed a MBW 
increase of 27% from July to mid-April in mature adult male P. poliocephalus, after 
which followed a rapid decline to mid-May reaching a minimum in July. During this 
period body weight ranged from 720g to 950g with a mean in the same range as that 
observed in this study (Fig. 3.7a). The overall decline in MBW for P. poliocephalus 
between Days 80 and 152 coincided with the decline period described by these two 
authors. These fluctuations in MBW for this species are possibly testosterone driven as 
body weight changes are significantly correlated with testicular size and concomitant 
plasma testosterone levels (McGuckin & Blackshaw 1987b, 1991).
The absence of such fluctuations in P. scapulatus and P. alecto is difficult to interpret. In 
several studies on reproductive physiology of flying-foxes where body weight, testicular 
volume and plasma testosterone concentrations were monitored (McGuckin & Blackshaw 
1987a, 1987b, 1991) a significant portion of the data were obtained for male bats kept in 
conditions outside and as close as possible to those which would be experienced in the 
wild (O'Brien - pers. comm.19). In this study, however, once the males were brought 
indoors for day/night reversal conditioning they were deprived of female contact for the 
duration of the experimental periods and hence "normal" social interactions were 
disrupted.
3 . 5  Conclusions
1. Under the environmental conditions specified in 3.2.3.1, all bat species were stable 
with no adverse effects detected. Thus, optimum conditions for maintenance were 
defined.
2. P. poliocephalus body weights, although residing largely within the ± 5% range for 
the majority of the study period, were the most variable and most difficult to 
stabilise. Changes in MBW for all three species were correlated with none of the 
measured variables (food given, food eaten, relative humidity, temperature) but 
for P. poliocephalus was influenced by the provision of dietary supplementation.
3. All three species followed the same pattern as that described for P. rodricensis 
(Carroll 1978) in that they were all stabilised for body weight within 14 days of the 
change to day/night reversal. Long term P. alecto was the most stable in body 
weight and adjusted to new conditions more rapidly than either P. poliocephalus or 
P. scapulatus.
Dept, of Physiology & Pharmacology, University of Queensland.
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Chapter 4. Devising a Species Ethogram
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4.1 Behaviour Patterns
Wild caught animals brought into captivity display a variety of behaviours, some of 
which are representative of those only observed in the field while others are artifactual 
due to the characteristics of the captive environment (Rollin 1990; Dunbar 1992). Any 
quantitative study of behaviour should therefore be preceded by a period of observation 
aimed at describing both the subject and the behaviour it is intended to measure (Martin & 
Bateson 1993). This initial descriptive phase is essential as a precursor to quantification 
of behaviour which is the precise objective in most behavioural studies (Coulson 1990).
4 .2 .  Introduction
The feeding behaviour in Australian pteropodids, notably P. poliocephalus has been 
observed and described in the wild (Ratcliffe 1931; Nelson 1965a; Puddicombe 1981) 
and in captive individuals (MacDonald 1991). Although the feeding behaviour patterns 
have also been investigated in R. aegyptiacus (van der Westhuyzen 1976; Jacobsen 
1979), Pteropus rodricensis (Pike 1977; Carroll 1979; Thorpe 1988) and P. giganteus 
(Neuweiler 1969), few have catalogued the specific behaviours and postures for use in 
further quantitative studies. Martin and Bateson (1993) indicated that preliminary 
observations are especially important in cases where the animals are new to the 
investigator. In the absence of any previous detailed descriptions of behaviours in the 
three species in this study, and in order to select appropriate behaviours for further 
preference trials, it was considered necessary to undertake a preliminary analysis of 
behaviour to catalogue body postures and archive the ethogram for continued studies.
The preliminary observations served to address several objectives:-
(i) To record the full behavioural repertoire expressed by the bats during active periods 
and improve the investigator's familiarity with them.
(ii) To assess the extent to which the bats were adapting to captivity.
(iii) To identify specific behaviours for use as indicators of preference for future 
experiments.
(iv) To help formulate working hypotheses for future experimentation and generate 
appropriate experimental designs.
4.3  Methods
4.3 .1  Activity Patterns
Seven adult male P. poliocephalus, six P. scapulatus and eight P. alecto were housed in 
outdoor cages during non-experimental periods, with them sharing the same housing 
during the period of overlap (Fig. 4.1). In preparation for trials, all members of a species
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were transferred to the indoor ‘home cage’ and monitored for a minimum of five days 
prior to the onset of preliminary preference trials.
Australian Pteropus species are nocturnal. The activity of the bats was therefore 
monitored during the night phase to determine the presence or absence of rhythms and 
assess the most appropriate times for running preference trials.
(i) An audio cassette recorder was connected to a 4-channel timing device (Kambrook, 
KD86), programmed to activate the recorder for 15 minutes out of every hour during a 
four hour period of the dark phase. The device was then reset every four hours to ensure 
monitoring over a complete dark cycle, resulting in a total of three hours of recorded dark 
phase. All bats were recorded in the home cage and this procedure was repeated for three 
dark phase periods. Activity was assessed by the number of vocalisations or other 
audible activity detected in each 15min recording period.
(ii) Direct observations were also made on different days. This consisted of the 
experimenter sitting in the corner of the home cage room for 15min out of each hour 
under the same time regime as with the automatic sound recordings. Any behavioural 
event (irrespective of type of behaviour) other than 'hanging alert' observed during this 
observation period (OP = 15min) were noted and recorded for frequency of occurrence 
only. For this exercise there was no attempt made to classify individual behaviours over 
time in the same manner as Carroll (1979) for P. rodricensis, but simply to record 
whether bats were active in each observation period and by how much.
4.3.2  Behaviour Types
A shorthand method was devised (using line drawings and abbreviations) for recording 
postures of the bats. The bats performed preference trials individually, therefore 
particular attention was paid to the behavioural postures exhibited by bats hanging alone 
or not interacting with conspecifics at the time of observation. Although behaviour is a 
continuous process, attempts were made to divide sequences of behaviour into constituent 
units for ease of identification and subsequent analysis.
4.3.2 .1  Home Cage
Bats were observed directly in the home cage and later in the preference chamber. 
Observations began with the experimenter spending ten minutes out of each hour in the 
home cage room for the first day, and increasing by five minutes per hour per day until 
the animals showed no significant stress as a result of the presence of the observer in the 
room. When this point was reached the observer then recorded all postures adopted by 
bats when either solitary or in association with neighbours. Stress behaviours were 
identified by observation over time and broadly classified as "non species-typical 
behaviours" eg. (i) excessive body shaking and urination without inversion (ii) "frozen" 
posture with fixed stare, or (iii) stereotypical route tracing. In addition, the dominance 
status of an individual was assessed where possible. This was easiest to identify during 
feeding times, with single-roosting floor-feeders being the lowest status (Carroll 1988).
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This 'continuous recording' method (Martin & Bateson 1993) was maintained for five 
observation days, during which time the bats were observed for the full dark phase of the 
cycle. Observations focussed on specific body postures of individual bats rather than 
interactions between them. Individual postures were photographed as a permanent record 
of that particular behaviour. Particular attention was paid to those postures characteristic 
of stress behaviour. When the incidence of stress postures decreased to a level where the 
observer was able to hand feed the animals without initiating a stress response (Gaudet 
1988), the bats were considered to be ready for preference chamber trials.
4.3 .2 .2  Preference Chamber
Australian pteropodids are all highly social species, therefore in the first instance all 
animals selected for preference trials were placed into the chamber together. They were 
placed in the chamber for the night phase of each day/night cycle for one week. All bats 
were fed and no attempt was made by the experimenter to remove (by steam cleaning), 
urine and faeces odours in the chamber. At this stage it encouraged the bats to become 
familiar with the preference chamber. Discarded food, faeces and urine were removed 
each day but the chamber was not dismantled and steam cleaned until the end of this 
familiarisation period. Bats were then placed separately in the preference chamber, left 
there initially for two hours each then removed and returned to the home cage. During the 
following days the period in the choice chamber was reduced to 30 minutes per bat, with 
food rewards placed in each of the three side compartments.
Behaviours were recorded by direct observation and on video tape using a pencil lens 
camera which enabled recordings to be made from the adjacent home cage room without 
disturbance to the bat. Photographs were taken of specific body postures associated with 
stress behaviours and approaches to side compartments to investigate or remove food 
rewards. These latter 'approach sequences' were subsequently analysed to identify 
postures which were associated with attraction to food reward.
4.4  Results
4 .4 .1  Home Cage Observations
4 .4 .1 .1  Activity Patterns
Analysis of audio tape recordings revealed little regarding the activity patterns of any of 
the study species. The exercise was unsuccessful in identifying any pattern of 
vocalisations and there were considerable difficulties in the interpretation of sounds of 
ambulating bats.
Direct observations were much more productive (Fig. 4.2). Activity during the "day 
phase" (1800 - 0400 hours) remained low for all species, with bats generally adopting 
wrapped up asleep or wrapped up awake postures whilst being loosely grouped. Bats 
woke to invert and urinate/ defaecate, or to groom occasionally. This pattern of 
behaviours was consistent with those daytime observations from the outside cages prior
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to the bats being brought indoors onto day/ night reversal. As a result, activity 
observations were concentrated on night phase only (Fig. 4.2). Activity of all three 
species just after "sunset" (onset of dark phase) was low. The normal daily maintenance 
of the bat housing involved cleaning the cages, walls and floor between 0700 and 0730 
(ie "dusk" for bats) P. scapulatus and P. alecto activity decreased to 1.6±0.4 and 
2.4±0.8 events/OP respectively during this period. In contrast, P. poliocephalus activity 
increased to 6.2±1.1 events/OP during the same period. Activity in P. alecto and 
P. poliocephalus increased to a peak of 10.8±1.4 and 11.8±1.4 events/OP respectively 
during the fourth hour after "sunset". Between four and seven hours after sunset, activity 
in all three species decreased and stabilised at a minimum prior to a second rise in activity 
in the four hours before dawn. Activity in P. poliocephalus peaked again at 15.6±1.5 
events/OP and decreased slightly to 14.6±1.4 events/OP in the hour immediately before 
sunrise. Although overall activity in P. scapulatus was lower than either of the other two 
species, the pattern of increase in the hours preceding sunrise shadowed that for P. alecto 
, where both increased steadily up to the end of the dark phase. Thus all species showed 
a bi-modal peak in activity with a less active period in the middle of the night.
The overall lower level of activity in P. scapulatus compared to the other two species 
supported previous observations of the nervousness of this species in captivity (Lemm 
1991). This species followed the general activity pattern with few exceptions, but the 
range from minimum to maximum was much lower and comparable to that of 
R. aegyptiacus which has been reported (van der Westhuyzen 1976; Kulzer 1979).
4 . 4 . 1 . 2  Behaviour
The three Pteropus species showed many common characteristics in their behaviour. The 
descriptions here presented will therefore relate to all three species. Individuals huddled 
together, often in the same corner of the cage when the experimenter first entered the 
room. After approximately 25-40 minutes (often >1 hour for P. scapulatus) individual 
bats dispersed throughout the cage with dominant animals sometimes approaching the 
observer and displaying wing threat behaviour before returning to the group. Dominant 
individuals often resided either on the perimeter of the group near the experimenter or 
close to the feeding dishes. A similar pattern of behaviour was observed when 
P. rodricensis were moved to a new light-dark regime (Carroll 1978). They roosted in a 
single tight group which Carroll deemed unusual for Pteropus species, a view which 
Allen (1939) supported for P. giganteus in concluding that individual spacing was 
important. Individuals of the P. rodricensis group in Carroll's study eventually dispersed 
with one or two bats roosting alone away from the group. The initial tight clustering was 
thought to be due to stress and the dispersal arose as the animals became used to the new 
cage and experimenter.
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P. poliocephalus
P. scapulatus
P. alecto
= -8£ £ D. ^< S
1991 1992 1993
Fig. 4.1 Captivity periods for the three Pteropus species under investigation, 
(solid line denotes length of captivity; shaded box indicates period of main 
preference trials)
• P. alecto
P. poliocephalus
.■ P. scapulatus
Time (hours)
Fig. 4.2 Activity patterns of three Pteropus species during pre-trial observations.
(activity recorded as mean number of events; observations over three night phases).
1 Onset of dark phase End of dark phase
Cage cleaning Feeding time
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Five main classes of individual behaviours were described (Tab. 4.1):
(1) resting/hanging alert (Fig. 4.3a-g);
(2) maintenance (autogrooming, inversion for urination and defaecation) (Fig. 4.3h-
k);
(3) ambulation (Fig. 4.3m, n & p);
(4) stress postures (Fig. 4.3o-s); and
(5) aggressive/alarm displays (Fig. 4.3t & u).
Minor idiosyncrasies were observed both between species and for individuals within 
species, however these occurred seldom and were considered unimportant for the 
purposes of identifying appropriate approach behaviours.
P. scapulatus were the most vulnerable to any disturbance in both the home cage and 
experiment rooms. Often P. scapulatus individuals (usually subdominant males) would 
shake violently and urinate upon themselves when the experimenter first entered the room 
and approached the home cage. P. poliocephalus and P. alecto were less excitable and 
similar in their behaviour patterns, both in terms of their responses to the experimenter 
and in the range of behaviours they expressed. Behavioural observations began when the 
bats dispersed from the corner of the cage, this being taken as an indication of the bats' 
acceptance of the experimenter.
Generally, the lowest activity level consisted of resting postures with the bats hanging 
from one or two legs and both wings folded around the body. They often slept in this 
position with their eyes closed and muzzle tucked underneath the front edge of one wing. 
Otherwise the bats had both eyes open and often stared directly ahead of them (Figs 4.3a 
& b). The next level of alertness consisted of a bat hanging by both legs, often close 
together initially (Fig. 4.3c), with the wings folded laterally along the side of the body. 
This position was classified as 'hanging alert V (HA1). An increasing level of arousal 
and attention to either conspecifics or events outside the cage resulted in a progression of 
stances similar to that described in Fig. 4.3c but with the legs spaced progressively wider 
apart and often wrists and thumbs brought towards the chin (Figs 4.3d-f). These were 
identified as HA2-HA5 respectively.
The second class of behaviours was associated with maintenance and grooming and 
resembled the pattern of autogrooming described for P. rodricencis (Carroll 1978, 1979) 
and P. poliocephalus (Puddicombe 1981). 'Autogrooming 1' (Al) behaviours consisted 
of the animal grooming its lower abdomen or head with its claws on one of its back legs 
(Fig. 4.3h & i). Using this method the bats were able to groom fur on most areas of the 
body with the exception of the anterior dorsal surface. 'Autogroom 2' (A2) behaviour 
consisted of the bat licking or nibbling body fur either in the sternal region or on the 
wings (Figs 4.3j & k). This behaviour was often very vigorous and was of interest in 
light of the discussion on VNO function in chapter 2. Occasionally individuals were 
observed vigorously licking their genital region which often succeeded olfactory 
investigations of genital and scapular regions of nearby conspecifics. The final class of 
maintenance behaviours, ie inversion, urination and/or defecation (IUD), although a 
routine behaviour, often preceded movement away from the main group towards feeding 
dishes or simply to explore the cage.
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Tab. 4.1 Full range of individual body postures expressed by P. poliocephalus, 
P. scapulatus and P. alecto in the home cage and preference chamber during 
preliminary trials.
Activity Description
WS1 Wrapped up asleep (wings tightly folded, muzzle often inside wing cover, 
animal dozing).
WA1 Wrapped up awake (Fig. 4.3a), open eyes, mobile pinnae, hanging by one foot, 
slight shuffling and occasional head movements.
WA2 Wrapped up awake (Fig. 4.3b), same as WA1 but hanging with both feet close 
together.
HA1 Hanging alert (Fig. 4.3c), eyes open, mobile pinnae, occasional sniffing and 
head movements, wings lateral to body with no thumb crossing
HA2 Hanging alert (Fig. 4.3d), as for HA1 but with feet wider apart.
HA3 Hanging alert (Fig. 4.3e), as for HA2 but with slight crouching and thumbs 
crossed underneath chin.
HA4 Hanging alert (Fig. 4.3f), as for HA2 but with feet spread far apart.
HA5 Hanging alert (Fig. 4.3g), as for HA3 but with wider spacing between feet.
AG1 Autogroom with feet, (Figs. 4.3h, i), scratching body or head with hind limbs.
AG2 Autogroom, licking/ nibbling fur or wings (Figs. 4.3j, k)
IU Invert and urinate (Fig. 4.31), support body with thumb claws, micturition 
followed by brief shaking of body and return to resting position (usually a HA 
posture).
ID Invert and defaecate (Fig. 4.31), as for IU but with defeacation.
SA Slow ambulation (Figs. 4.3m, n), bipedal walking on roof of cage.
FA Fast ambulation (Figs. 4.3q, r), quadrupedal motion either by individual limb
movements (ABCD) or alternate limbs (AC, BD).
SW1 (i) Swivelling around long axis of body, head movements, or (ii) body 
stationary with head swivelling, often accompanied by sniffing behaviour
SW2 Swinging from side to side, sideways head movements.
SW3 Swinging from front to back, no head movements.
SW4 Extension of SW3 but with a brief pause to examine roof of cage when the bat 
was at the top of the forward swing.
WT1 Wing threat/alarm, (Fig. 4.3t) single wing extended and arched towards target.
WT2 As for WT1 but with both wings extended (Fig. 4.3u).
51 Stress, (Fig. 4.3o), animal shaking often accompanied by urination without 
inversion.
52 Stress, (Fig. 4.3p), legs apart, shaking, body raised closer to roof of cage 
sometimes with assistance of one thumb claw.
53 Stress, (Fig. 4.3q, r), as for S2 but with both thumb claws in use and 
sometimes accompanied by FA.
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Tab. 4.1 (contd...)
S4 Stress, (Fig. 4.3s), as for S3 but no FA, animal often motionless in this position 
for >15min.
SF Static flying, (Fig. 4.5f), bat flaps wings vigorously at entrance to stimulus 
chamber, body assumes near horizontal position.
PI Frenetic activity, animal in constant motion around cage with no apparent 
purpose and no pauses.
P2 Displacement activity, animal monotonously repeating movements usually in the 
same section of the preference chamber.
AO Approach only, (Figs. 4.4a, 4.5b), side chamber (stimulus chamber) 
approached, animal stationary outside for >5sec. and head oriented towards 
chamber.
AI Approach and investigate, (Fig. 4.5c), stimulus chamber approached with 
animal at entrance to chamber for >5sec., sniffing often with animal stretching 
forward so that the head is within the chamber.
AE1 Approach enter, (Fig. 4.5d), animal entered stimulus chamber and remained in 
there for >5sec., food reward removed from drawer and later consumed in 
stimulus chamber or main preference chamber.
AE2 Approach enter, as for AE1 but food reward investigated only and not removed.
AE3 Approach enter, (Fig. 4.5e), as for AE1 but no investigation or attempt at
removing the food reward, bat sniffed/ scent marked other sections of the 
stimulus compartment or sniffed the food dish underneath the diffusion surface.
AIE Complete approach sequence from AO ->AI ->AE1.
(NB. These behaviours were qualitatively similar for all three species, however the frequencies of 
occurrence of some of them differed within and between species)
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Fig. 4.3 (p. 76-79) Body postures of Pteropus species observed in the home cage and 
preference chamber during preliminary trials and observation periods.
a = WA1 
b = WA2 
c = HA1 
d = HA2 
e = HA3 
f = HA4 
g = HA5 
h, i = AG1 
j, k = AG2
1 = IU 
m, n = SA 
o = SI 
p = S2 
q, r = S3 
s = S4 
t = WT1 
u = WT2
(See Tab. 4.1 for full description of behaviours; All drawings by Donna wähl, ABRS, Canberra, - drawn 
from photographs taken by A C Oldfield)
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Resting and hanging alert postures
76
Maintenance and ambulation
77
Stress-related postures
Threat displays
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Four types of ambulation were observed for each of the species in the present study. 
Shuffling occurred when a bat made minor adjustments to its position and was not used 
for moving from one point to another. P. poliocephalus and P. alecto also used a 
relatively slow, bipedal "walking" gait using back legs alone (Figs 4.3m & n). In the 
home cage this type of ambulation was most often used for minor changes in position 
within the group whilst roosting.
The quadrupedal gait was almost always used by the bats when attempting to avoid 
capture by the experimenter, or in occasional aggressive encounters when a subordinate 
was attempting to escape pursuit from a higher-ranking individual. Walking on the 
ground was seen only by subordinate animals in P. poliocephalus and P. scapulatus. 
This mode of ambulation was often associated with the collection of spilled food items 
during feeding, or an attempt by a low-ranking animal to move across the cage without 
disturbing the more dominant individuals.
P. scapulatus was the most prone to the floor-walking and floor-feeding behaviour. This 
became especially severe when diet was restricted during pre-trials and the subordinate 
individuals had greater difficulty in obtaining food at the dishes. This is reflected in 
the weight changes for Pp 01 (-0.42g/day), Pp03 (-0.22g/day), Ps04 (-0 .12g/day) and 
Ps06 (-0.21g/day). These individuals were also the ones that most often expressed 
extreme stress behaviours. Conversely for the dominant individuals (Pp04, Pp05, 
Ps02), few stress events were recorded and all gained weight (+1. lg/day, +0.8g/day and 
+0.9g/day respectively).
With the subordinates, as an individual bat became increasingly excited and stressed a 
progression of body postures was observed starting with the hind legs bending to bring 
the body closer to the ceiling of the cage (similar to FIA3, Fig. 4.3e but more 
pronounced). As the bat became more agitated it often grasped the roof of the cage with 
one or both thumb claws and progressively widened its stance and aligned its body with 
the roof of the cage (Figs 4.3p-s). Such behaviours have been classified as S2 through 
S5. This progression was sometimes accompanied with shaking or urination or an 
occasional alarm/isolation call (similar to the chirping "trill" call described by Nelson 
(1964) for P. poliocephalus young when separated from their mothers. In this case the 
adult bats were separated from the main home cage group. Dominant individuals in 
extreme cases, particularly if suddenly alarmed would undertake 'wing shake' or 'wing 
spread' displays using either one or both wings (Figs. 4.3t&u) as a threat. In the extreme 
cases of stress related behaviours the bat was left alone in the transfer box for at least one 
hour before further observations were made.
4.4.2 Identification of Response Behaviours 
4.4.2.1 Preliminary Home Cage Observations
Any postures associated with stress were to be discarded as possible indicators of a 
positive response towards an odour stimulus. Observation of home cage behaviours 
concentrated specifically on those approach behaviours which showed potential for 
reinforcement to use as indicators of preference in subsequent trials (Gaudet 1988).
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Several preference paradigms have been used in past studies (reviewed in Doty 1975). 
Of these, two only, namely 'approach' and 'forced approach-avoidance', have relied on 
approach behaviours as indicators of a positive response to an odour stimulus. These 
two paradigms were therefore carefully considered as candidates for the present study.
During feeding by hand a bat would typically approach the test item (usually a grape) and 
attempt to grasp the item by using its thumb claws to bring it closer to the nose for an 
olfactory evaluation. With repeated exposures to the test items the bat would then remain 
at a distance of 20-30cm from it extending the body forwards and sniffing the test item 
vigorously, without the use of the thumb claws. The final stage of approach was the 
movement to the test item, a thorough evaluation by sniffing followed by the bat taking 
test bites out of it before consuming the food. These preliminary observations identified 
approach, sniff and/or removal of a reward item as potentially appropriate behaviours for 
detailed investigations in the main preference chamber trials.
4.4.2 .2  Approach Behaviours in the Preference Chamber
With few exceptions, when assessed qualitatively, behaviour of individual bats placed in 
the preference chamber was different to when those same individuals were observed in 
the home cage. Appearance of stress-related behaviours, as described in Tab. 4.1, was 
higher in all three species for individuals when in the preference chamber. In particular 
there was evidence of the extremes of the progression of stress postures from HA3 
through SI to S5 for P. scapulatus (Figs. 4.3o-s).
A high incidence of 'static flying' (ie. flapping the wings as if to fly whilst retaining hold 
of the perch with the feet)(Fig. 4.5f), was particularly pronounced in Ps03, Ps04, Ps06 
and Pp03. Static flying was most prevalent in P. alecto which, on all other measures, 
was the best adapted to captivity. Despite this, in all three species the frequency of 
occurrence of this behaviour decreased as the bats' familiarity with the apparatus 
improved.
Individual animals showed fewer signs of distress (Morton & Griffiths 1985) when all 
bats had been together for at least one hour in the chamber before familiarisation trials. 
Bats appeared to settle more readily where conspecifics had been observed scent-marking 
in previous exposures to the chamber.
Placement of feeding dishes underneath the perforated plate in each side chamber 
encouraged the bats (which had previously been deprived of food for 24 hours) to 
explore side chambers (Fig. 4.4). When every individual had been observed entering a 
side chamber the food dishes were then placed inside each side chamber to allow the bats 
access to the food. This procedure was successful in all three species in conditioning the 
bats to enter side chambers where test odours were to be placed in subsequent trials. The 
final stage in the conditioning procedure consisted of food reward presented in the reward 
drawer and without odour stimulus. This resulted in similar approaches as in the 
previous situation with feeding dish in the side chamber.
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Fig. 4.4 (a) P. poliocephalus examining food dish placed in test odour compartment
during pre-trial training, (h) AO behaviour with bat's back to the stimuus 
compartment.
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Fig. 4.5 Sequence of approach postures to investigate test odour in stimulus 
compartment (a = HA, b = AO, c = AI, d = AE (CFR); (e) investigation of 
odour stimulus and (f) Static flying behaviour at entrance to stimulus 
compartment.
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All animals showed a similar pattern of approach to the reward drawers of each of 
chambers 1 to 3 (Figs. 4.5a-d; Tab. 4.1). The typical pattern usually began with the bat 
in a hanging alert position (HA2 shown in Fig. 4.5a) which was assumed within a few 
minutes after release from the transfer box. Individuals of P. poliocephalus began 
searching for food within the first five minutes after the onset of a training period, 
whereas P. alecto and P. scapulatus were much slower in starting their search behaviour. 
In all three species the bats often inverted and urinated (IU) prior to searching. This was 
particularly frequent in the dominant individuals of P. scapulatus and P. poliocephalus 
groups. IU behaviour preceding the searching was often accompanied by SW4, giving 
the overall impression that the bat was undertaking some olfactory analysis and scent 
marking with urine prior to committing itself to search for a food reward.
In many cases following the IU precursor behaviour the bat undertook FA around the 
cage without any apparent purpose, ie similar to PI activity. All corners of the main 
chamber were searched, often followed by a change from FA to SA or even a stop to an 
HA position. When bats approached a stimulus chamber they frequently paused directly 
above and outside the entrance prior to entry. This "approach only" (AO) (Fig. 4.5b) for 
some animals was the most extreme indication of a deliberate move towards a chamber. 
Generally, the more distressed the bat the more likely that the endpoint approach 
behaviour would be an AO. The majority of bats, however, continued the approach 
sequence. After AO the bat would often hang on the lip at the entrance to the stimulus 
compartment, sometimes accompanied by SW1 or SW2 activity. Occasionally at this 
"approach investigate" (AI) position (Fig. 4.5c) the bat was observed to be sniffing just 
inside the stimulus chamber entrance. The approach sequence progressed to the bat fully 
entering the stimulus chamber (AE - "approach enter"), whereupon it either collected the 
food reward (CFR), attempted/investigated the food reward drawer (AFR) or simply 
investigated the stimulus chamber (NAFR). The performance of a complete approach 
sequence, ie from AO through AI to AE(CFR) was considered to be the strongest 
indicator behaviour to indicate a positive response to a stimulus placed in that region of 
the preference chamber. Particular attention to approach sequences was therefore 
identified as a priority in the main experimental trials.
4.5  Discussion 
4.5 .1  Bat Activity
Nocturnal animals, by definition, are most active during the hours of darkness (Prince 
1968; Taylor & Burton 1983; Speakman 1995). With few exceptions, such as Pteropus 
melanotus, P. samoensis and P. tonganus\ (reviewed in Tidemann 1987; Pierson & 
Rainey 1992) Megachiroptera are nocturnal (Yalden & Morris 1975). The noctumality of 
Australian pteropodids predisposed them to being most active, producing the most 
frequent and varied behaviours, during the dark phase of the day/night cycle. It was 
therefore considered unnecessary to monitor the activity of the Australian species in this 
study outside their night-phase period.
84
In their natural environment pteropodids are highly vocal. The calling behaviour of 
several Megachiropteran species has been reported (Lang & Chapin 1917; Aellen 1952; 
Rosevear 1965; Brosset 1966; Bradbury 1972) although the relatively complete 
vocalisation repertoires are known for only P. poliocephalus (Nelson 1964) and 
P. giganteus (Neuweiler 1969). Nelson (1964) identified twenty-two different calls for 
Pteropus poliocephalus (summarised in Fenton 1985, p. 109), serving a variety of 
functions related to mating, mother-young communication, alarm calls, feeding, territory 
establishment and maintenance. Fenton (1985) indicated that the range of the repertoires 
in captive phyllostomids was small compared to their wild counterparts, probably due to 
greater stability of the captive environment. The lack of success in interpreting vocal 
activity in this study, despite there being a total of nine hours on record from a 72-hour 
observation period, was probably due to the method used. A continuous recording and 
analysis would not miss any vocal activity. In addition, with better positioning of 
microphones the cage noise which often masked the bat vocalisations might have been 
minimised.
The direct observation was more successful as it was essentially continuous within the 
observation period. Carroll (1979) also used a direct observation technique to monitor 
the activity of P. rodricencis after the animals had been transferred to a new day/night 
regime. He sampled their behaviour for 16 minutes out of each hour over a 24-hour 
period and identified a bi-modal pattern of activity during the night phase, similar to that 
recorded for the three species in this study. He too observed hanging alert behaviour 
whilst the bats' cages were being cleaned, however the increase in activity in 
P. poliocephalus in this study was indicative of the degree of adaptation of the bats to 
captive conditions and their lack of stress (as determined by body posture) in the presence 
of the observer.
Peaks in activity could have been due to either (i) some underlying endogenous rhythm, 
or (ii) feeding behaviour patterns. Carroll (1979) found that the activity of P. rodricensis 
decreased prior to the end of the night phase whereas this was not so for P. scapulatus 
and P. alecto which became more active up to the onset of sunrise, followed by a 
decrease in activity after sunrise. The activity patterns in Rousettus aegyptiacus have 
been shown to have an underlying circadian rhythm in constant light conditions (Erkert 
1970). This illustrated an underlying endogenous origin for the activity rhythm. In 
varying normal daylight, however, the activity rhythm of R. aegyptiacus appeared to be 
synchronised by the light-dark cycle (van der Westhuyzen 1976). The onset of the night 
phase, for R. aegyptiacus at least, appeared to determine the level of activity for bats both 
individually and within social groups (van der Westhuyzen 1976). Although the seasonal 
relationship between colony exodus time and sunset has been demonstrated for 
P. poliocephalus (Puddicombe 1981; Parry-Jones 1987), little has been revealed as to 
their activity throughout the whole dark period. No bi-modal pattern of activity was 
found for P. poliocephalus during the daytime (Puddicombe 1981). It is, however, 
possible that the activity recorded for the three test species in this study is influenced by 
the characteristics of the light-dark cycle over seasons, but lack of published evidence to 
date precludes any definitive statement in this regard.
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It was suggested that the pre-dawn peak in bat activity might be due to their anticipation 
of being fed (J. Nelson - pers comm.20). Food did indeed stimulate some increase in 
activity for P. poliocephalus during the cleaning/ feeding period. This was due to this 
species group being especially inquisitive when the experimenter was nearby because 
they had quickly learned to approach the experimenter for food rewards. The second 
activity peak was the most pronounced possibly due to the anticipation of feeding and 
interactions during feeding in the hour before sunrise, however this is unclear. Carroll 
(1978) fed animals at both the beginning and the end of the dark period. This pattern of 
feeding was adopted in this study initially while the bats were housed outdoors. Upon 
transfer to the indoor cages and (hence day/ night reversal) the feeding regime was altered 
to sunset only (Fig. 4.2). Feeding activity in R. aegyptiacus was similarly high around 
the time that food was initially placed into the bat enclosure (van der Westhuyzen 1976) 
and then decreased throughout the night phase until a pre-dawn peak. In addition, Pike 
(1977) noted a correlation between activity and feeding times for P. rodricensis, although 
she recorded flying as the most dominant activity whereas with P. poliocephalus, 
P. alecto and P. scapulatus the animals expressed antagonistic interactions, buffeting 
each other and occasional wing claps close to feeding dishes and vocalisations to assert 
territories within the cage. Pike's study did however have bats which were able to fly 
freely in a large enclosure whereas in this study the bats were more restricted in their 
flight movements. The pre-dawn activity peaks for the similar studies on R. aegyptiacus 
(van der Westhuyzen 1976) and P. rodricensis (Carroll 1978) were, however, in spite of 
the fact that the former were provided with food throughout the dark phase and in the 
latter study the pre-dawn feed comprised only 25% (in weight) of the pre-sunset feed. 
The differences between P. scapulatus, P. alecto and P. rodricensis are unlikely to be due 
to differences in feeding regimes, although the absence of a pre-sunset feed once in 
day/night reversal conditions for the Australian species study could be important. The 
likely scenario is that the activity peaks most likely have a component of circadian rhythm 
with an overlying feeding expectation influence on the behaviour.
Any behavioural study, particularly one based on observation should ensure that the 
observation periods coincide with periods when the study animals are active (Glickman & 
Scroges 1966; Martin & Bateson 1993; Gaudet 1988). The reduction in activity between 
4-7 hours after sunset (Fig. 4.2) suggests that preliminary and main preference trials 
should be avoided in those periods. Although the presence of the observer appeared to 
have an adverse effect on activity of P. alecto and P. scapulatus, the bats soon recovered 
their normal pattern of activity once the observer either left the room or sat quietly on a 
chair in the corner of the room. Nonetheless, it was important to consider the effect of 
the observer on the behaviour of the bats for the future trials observations. Even if 
observers do not unduly affect many aspects of an animal's behaviour they can introduce 
unanticipated effects (Dunbar 1992). Unintended effects on behaviour as a result of 
observer activity are of particular concern when sensitive mammals are placed in artificial 
situations. Dunbar (1992) alluded to disruption in behaviour that can be caused by 
placing animals in experimental cages. This was particularly severe when animals were 
handled frequently and was detected by large individual differences in responses to 
stimuli and distortion of results in unbalanced and experimental control groups. Flying- 
foxes have been shown to have been adversely affected by handling. Widmaier and 
Kunz (1993) demonstrated that the effects of handling and isolation caused a significant
Question (para. 4), submitted to A C Oldfield for PhD oral examination - August 1995
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increase in both plasma cortisol and glucose levels in Pteropus hypomelanus. When 
these bats were subjected to three-hour restraint stress the first significant increase in 
cortisol appeared after 20 minutes and by two hours cortisol levels had risen by 
approximately 800%. A similar pattern, although less pronounced, was also observed in 
Pteropus vampyrus in the same study. As a result, the three Pteropus species in the 
present study were handled only when necessary and the appearance of activity patterns 
which largely agreed with field observations for these species (Ratcliffe 1931; Nelson 
1965a; Puddicombe 1981; Parry-Jones 1987) suggested that adverse experimenter effects 
were minimised.
4 . 5 . 2  Classifying Behaviour
In many of the behavioural sciences the critical role of description has been poorly 
appreciated (Fentress 1990). The basis of any descriptive behavioural analysis is a 
catalogue or ethogram in which the full range of behaviours for the species under study in 
the specific environment of the study is described (Dunbar 1976; Schleidt et al. 1984; 
Martin & Bateson 1993). This first objective was only achieved by devising an efficient 
shorthand method for recording behaviour. The observed stress-related behaviours in the 
form of shaking have also been reported for P. rodricensis (Carroll 1978, 1979). 
P. giganteus were reported by Neuweiler (1962) as being particularly “sensitive” when 
in captivity, such that only 45% of his animals performed sufficiently reliably in 
preliminary tests to be used for training. Conversely, the same species has been reported 
as adapting to captivity very easily and particularly suited to behavioural training 
(J. Seyjagat - pers. comm.21 ). Shaking and urination, without inversion, in subordinate 
individuals was also reported in Nelson (1965a) for P. poliocephalus when treated with 
atropine eye drops. In addition, this behaviour has been observed in R. aegyptiacus 
(Möhres & Kulzer 1956). The shaking behaviour observed in this study could therefore 
be a characteristic stress response in Megachiroptera.
That the stress postures were more likely to occur when a bat was in the preference 
chamber was probably due to the animal being isolated from the main group. Ratcliffe 
(1931) referred to P. scapulatus as one which showed the least disturbance in the field 
when close to areas where shooting was occurring. This is consistent with the 
observations here reported, because part of the bat's stress response might be not to fly. 
Nelson (pers. comm.22) observed P. scapulatus remaining motionless or clinging to 
branches with legs and claws when highly agitated, and yet the animals still refused to fly 
away from the source of the stress. Static flying however, could have been stress- 
related, but was not a typical behaviour. P. poliocephalus expressed this behaviour most 
often - an observation consistent with those of Nelson (1965a) for the same species. 
Here young individuals flapped their wings rapidly until the body was almost horizontal 
before letting go of a branch to fly away. No static flying has been reported for wild 
adult flying foxes, but has previously been described for captive P. rodricensis (Carroll 
1978) and P. giganteus (Stebbings, cited in Carroll 1978) as a reaction of the bats to 
unfamiliar surroundings.
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Bat urine and faeces odours were likely to have contributed to the cocktail of odours that 
would make the preference chamber less alien to the introduced animal. Observations on 
P. poliocephalus and P. alecto, confirmed by GC-Mass Spectrometric studies, have 
indicated that they secrete superficially similar compounds dominated by a mixture of 
soluble fatty acids (Spencer & Flick 1994). Longer chain molecules commonly occur in 
mammalian social odours (Albone 1984). Many bat-derived odours, eg Tadcirida 
brasdiensis in Bracken Cave, Texas, are very oily and are detectable for many days, even 
weeks, after their deposition (T. Kunz - pers. comm.23). Therefore it is likely that a 
single exposure to the preference chamber for the group of test animals, without purging 
the chamber, resulted in the chamber being recognisable for many trial days. The 
avoidance of purging the chamber during the faliliarisation period assisted the cataloguing 
of the suite of approach behaviours for the main preference trials.
Mackintosh (1985) stipulated that a key requirement for the assay of odours was that the 
animal needed to display a measurable behavioural response ie. there must be a specific 
reaction by the recipient of the odour. Where more than one odour alternative is 
presented then the animal must show an increased probability of responding to one odour 
over another if it is to be described as having expressed a preference for that odour 
stimulus (Doty 1975). Often the traditional approach has been to adopt the view that 
when an animal is attracted to a stimulus it will move towards that stimulus (Bhatnagar 
1972; Doty 1975; Martin & Bateson 1993; Jolly & Jolly 1992) or away from a repellent 
stimulus (Sterner et al. 1980; Carman 1993). Food deprivation followed by provision of 
reward as a positive reinforcement has been used in many studies to condition animals to 
approach reward areas within test apparatus (Stebbins 1970, 1990; Mackintosh 1974; 
Doty 1975; Gaudet 1988; Bateson 1990; Slotnick 1990; Martin & Bateson 1993). The 
behaviours highlighted in this preliminary experimental phase indicated that some 
approach types were useful indicators of increased interest in odour stimluli. All 
approaches were ranked highly in the analysis of behaviour types, although some thought 
as to the effect of imposing artificial divisions upon behaviour is needed at this point.
The essence of ethology is the analysis of pattern in complex behaviour (Fentress 1990). 
Complex behavioural tasks need to be analysed into appropriate sub-units (Gaudet 1988), 
but in so doing it is prudent to be aware that categorisation of behaviour also involves 
abstraction which is both its heuristic value and also its limitation (Hinde 1970). As a 
result, the division of a continuum of behaviour into sub-units, such as is the case for the 
analysis of approach sequences in this study, does in fact run the risk of distortion of the 
interpretation of the meaning of that behaviour in the sense that it could obscure the 
interdependencies among the behavioural categories. In addition, describing the 
behaviour by its structure alone could mean that unnecessary detail was generated and 
placed additional demands on the observer's ability to make fine discriminations in the 
recording and interrelation of the complex behaviour (Martin & Bateson 1993). This is 
the classic case of trying to record everything and running the risk of nothing being 
recorded reliably (Martin & Bateson 1993). Although this was a consideration in the 
present study, the sub-units of the approach sequence (Fig. 4.5a-d) were clearly 
distinguishable natural units', almost analogous to the "fixed action patterns" described 
by early ethologists. Behaviours were carefully categorised and selected for analysis and
Private conversation, Inernational Theriological Congress, Sydney, July 1993
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no attempt was made after the initial observations to record irrelevant behaviours (other 
than those associated with stress).
Other behaviours associated with a response to a food stimulus in the side chamber (and 
presumably the visual and olfactory cues from it) were often associated with the 
behaviours identified in the approach sequence AO-^AI-^AE. The IU-type behaviour 
was a typical example in its relation to scent marking Scent marking behaviour is 
common in pteropodids (Suthers 1970; Schmidt 1985; Waldon 1992), and a high 
incidence of urination and branch marking within feeding territories was noted for captive 
P. rodricensis (Pike 1977). It is possible that rather than being a displacement activity, 
the IU with the bat at the centre of the main chamber was a prelude to foraging for food 
rewards. In addition to IU behaviours, individuals often shook their heads from side to 
side before a final approach to a stimulus compartment. The end point, of stretching the 
neck to the point of reward delivery in order to test the area before having to move the 
whole body there, was also a typical positive response to the stimulus. In each case 
however, an approach was always the definitive sign of interest in the stimulus. Other 
behaviours were highlighted for use as an indicator of preference, such as visit frequency 
and visit duration. These have been used in may studies of preference eg. Walker and 
Croft (1990) used three measures to indicate preference;- approach, sniff time and food 
handling time. All were approach-dependent measures.
Martin and Bateson (1993) recommended that composite measures are the most 
appropriate for measuring preference behaviours, especially if some of the individual 
behaviours are unreliable. Frequency and duration measures can give different and 
complementary results (Martin and Bateson 1993) because they describe different 
components of the approach behaviour. Frequency describes the initiation of the 
olfactory investigation, whereas duration describes its continuation. These authors 
referred to empirical studies where frequency and duration measures of the same 
behaviour were not always highly correlated. Bearing these comments in mind, a 
composite measure was recommended whereby the frequency of AE, AI and AO 
behaviours were ranked highest (descending from AE), followed by lower priority 
duration and visit order measures. The weightings of these measures are refined and 
described in detail in Chapter 6.
4.6  Summary Points and Conclusion
1. All study species stabilised body weight within 14 days of the change to day/night 
reversal, similar to that previously reported for P. rodricensis.
2. An ethogram was devised which formed a basis for the identification of stress- 
related behaviours and indicators of approach to a positive stimulus.
3. Behaviours involving approach and removal of a food reward were identified for 
further development as preference indicators.
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Chapter 5. Initial Odour Preference Trials
90
5.1 Introduction
Once all animals were stabilised for body weight following the trauma of capture, 
introduction to captivity and day/night reversal, it was important to prepare them for 
odour preference trials. For the main block of experimentation, the bats were to be 
exposed to a series of fruit-derived volatile odours in the preference chamber. It was 
therefore necessary to determine the appropriate quantity of test odour to use in the 
experiments and gain some preliminary data on the behaviour of the animals in relation to 
the test odour distillates.
5.2  Materials and Methods
5.2.1 Odour Stimuli and Presentation
Test odours were selected on the basis of their representation of fruits commonly eaten by 
the study species in orchards (Jamieson 1988). The steam-distilled volatile extracts of a 
range of fruits (apple, banana, mango, papaya, passionfruit, peach; Scholvien GmbH & 
Co.) were chosen as test odours because of the similarity of aroma tonalities (as tested by 
a human odour and taste panel), compared to real fruit (Fröhnecke - pers. comm.24). 
This indicated that the distillation process involved in their preparation detracted little from 
the organoleptic properties of the real fruit (Tab. 5.1). Orange test odour distillate was 
obtained as vacuum extracted oil (Perfumes and Flavours Worldwide Ltd, Sydney) as the 
quality of the steam distillate between batches could not be assured (Scholvien GMBH & 
Co.). Orange oil was diluted 1:10 in ethanol and applied directly to the filter paper for 
initial trials.
A small shelf was placed at the end of the home cage, approximately 0.2m from the base 
of the cage (Fig. 5.1a). Onto this shelf was placed three glass petri dishes, each 
containing a filter paper (Whatman Number 1, 5.5cm diameter i.e = 23.8cm2 diffusion 
area) onto which 10 drops of odour stimulus had been added. Over each petri dish was 
placed a stainless steel wire mesh sheet (50% open area) and onto this a food reward 
(usually grape, but never the same food type as any of the test odours) was placed. 
Object novelty was overcome in this study by visually masking the stimulus compartment 
from the outset so that when the preliminary trials began there was no difference in the 
appearance of the cage.. Each stimulus compartment was covered with a cardboard cube 
(one face removed to allow the bats access to the reward) so that the bats were able to see 
neither the food reward nor filter paper (further hidden by the wire mesh) when 
approaching from above (Fig.5. lb).
5.2.2 Experimental Procedure
Pre-trial responses to test odours were measured in the home cage with all animals 
present. Surgical gloves were worn in all instances where test odour solutions were 
handled, to minimise any effect of human body odour on the bats' behavioural responses
Research Director, Scholvien, GmbH - fax message 30/June 1991.
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Tab. 5.1 Sensory descriptions of fruit distillates used in pre- and main preference 
trials for P. poliocephalus, P. scapulatus and P. alecto.
Fruit Distillate Concentration 
(vol %)*
Product Ref. Sensory Description*
Apple 32 11-00804/02 good, slightly green, peel notes, juicy, 
fresh, yellow apple type.
Banana 32 11-01301/02 very ripe, creamy.
Papaya 36 11-05501/01 too weak, cooky taste.
Passionfruit 34 11-04301/01 characteristic, ripe, a little weak, fresh.
Peach 36 11-01201/03 full flavoured, good, slightly fuzzy, 
characteristic.
Mango 36 11-02301/02 typical, peel notes, green.
(* concentration data and sensory descriptions provided by the manufacturers c/o:- Dr. A. Frohnecke, 
Scholvien GMBH & Co., Germany [02/10/92]; descriptions undertaken by a trained sensory evaluation 
panel (odour and taste) for batch comparisons.).
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to the test odours. Quantities of 0.1 mL, 0.5mL and l.OmL test odour distillate were 
pipetted onto filter papers in each of petri dishes A, B and C respectively (Fig. 5.1a). 
The paradigm used in the pre-trial experiments was that of the Wisconsin General Test 
Apparatus procedure (Walker & Croft 1990). As such, access to the food reward was 
unrestricted, removal of reward being a direct result of the animal's behaviour and thus 
providing close contiguity between response and reward. Food reward was placed in 
each station (A-C) onto wire gauze, the feeding station covered, room temperature 
recorded and upon the observer leaving the cage the trial began. Bats were observed 
directly, particular attention focussing on movement towards the test stations with 
individual animals being identified where possible from collar tag numbers and/or specific 
individual features. The removal of a food reward from any of the stimulus stations or a 
direct approach to investigate the test station, resulting in the bats being closer than 30cm 
from the odour sample (Walker & Croft 1990) was taken as a positive orientation to the 
odour and indicated the end of a trial. The stimulus dish first visited in such a manner 
was the recorded as the preferred odour (Laska & Schmidt 1986).
In the event of a trial period of 15mins elapsing without the decision criteria being met, 
the trial was repeated until a result was obtained. At the end of each trial, all petri dishes 
were removed, used filter papers discarded and the odour stations reset with new petri 
dishes and filter papers. A minimum period of 15 minutes was allowed between trials 
during which time 6.3 room volumes of air were exchanged to the outside via a wall- 
mounted extractor fan (Ductline W4S 250) at a rate of approximately MOLs-1- All used 
petri dishes were autoclaved prior to re-use in subsequent trials.
Trials were repeated for the same test odour using all possible combinations of positions 
for the three different volumes applied, ie six trials per odour. Positions were balanced 
for each volume so that no odour stimulus appeared in the same position on more than 
two occasions (Tab. 5.2). Ethanol test stimulus was also considered to be a control, 
because it was the carrier and extraction solvent used for the fruit distillates. In addition, 
each odour was tested once only per day and no single odour stimulus appeared in 
successive trials. That is, the order, the odour and the position were changed for each 
trial. This whole procedure was repeated for each of the seven test odours, plus ethanol 
and blank runs as controls. Results were analysed using y} tests for each species to 
detect whether or not positive responses between odour stations were random and hence 
indicate the appropriate test odour volume to apply in the main trials. These pre-trials 
were carried out at the beginning of the training period for each of the three species under 
study.
In addition to recording the removal of food reward from feeding stations with different 
amounts of test odour applied, all approach behaviours identified in Sec. 4.4.2 were 
recorded and described. These provided the basis for those behaviours which were to be 
monitored in the subsequent preference chamber trials. It was the intention that future 
preference chamber trials would utilise the quantities of test odours identified as being of 
significance in these preliminary trials.
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bats
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petri dishes with stimuli at 
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Fig. 5.1 (a) Plan view of home cage and positions of test odour dishes in relation to 
roosting area of bats, (b) Side elevation of test odour apparatus used in 
preliminary trials in home cage.
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Tab. 5.2 Sequence for positional arrangement of test odours and stations during 
pre-trials to investigate responses of bats to different volumes of test odour 
solutions.
Odour Trial Day
stimulus 
orientation
1 2 3 4 5 6 7 8
ABC a g e c b h f d
ACB b h f d c a g e
BCA c a g e d b h f
BAC d b h f e c a g
CBA e c a g f d b h
CAB f d b h § e c a
(a = apple; b = banana; c = ethanol; d = mango; e = orange; f = papaya; g = passionfruit; h = peach; 
for ABC positions ref. Fig. 5.1a))
Tab. 5.3 Distribution of visits to test stimuli for Pteropus species during pre-trials.
Number of first visits to odour station Total
Volume
of test P. poliocephalus
odour
(mL)
P. sccipulatus P. cilecto
0.1 11 11 12 34
0.5 20 23 17 60
1.0 17 14 19 50
X2 2.625 4.875 1.313 7.167
P <0.50 <0.10 <0.80 <0.05
(X2(0.05) = 5.991; for comparison of distribution of visits with random pattern of visitation)
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5 . 3  Results
Bats congregated in a corner of the cage and often huddled together when the test 
platform and odour stations were introduced into the cage (Fig. 5.1a). The platform was 
introduced into the cage at the same time each day and the bats soon became used to the 
setup as evidenced by their willingness to move around the cage after the platform had 
been placed into the cage. When all bats were seen to move to the stimulus compartments 
and food rewards removed (without odour stimuli) then the trials began.
Identification of individual animals by reading thumb tag numbers was difficult in the low 
light intensities of the experiment. As a result, characteristic gross behaviours and 
features of individuals were used to assist identification. Martin and Bateson (1993) 
referred to the use of such subjective interpretations of behaviours as lending "colour" to 
qualitative studies. In this instance every aspect of the bats approach behaviours were 
recorded as evidence of identity.
A total of 144 trials was completed for the odour stimuli (Tab. 5.3). The most marked 
deviation from a random pattern of visitation (i.e. 16 to each dish) was shown by 
P. scapulatus, with P. alecto having the most even distribution of visits across all three 
test stations. The responses of P. poliocephalus and P. scapulatus were different, 
showing peaks of 20 and 23 out of a possible 48 trials respectively for the 0.5mL 
stimulus, thus offering the suggestion of a preference for 0.5mL test odour distillate. 
Analysis using y 2 test for goodness of fit, showed that neither was significantly different 
from that which would have been expected from a random pattern of visitation, with 
p<0.50 (P. poliocephalus) and p<0.10 (P. scapulatus) (Tab. 5.3). This indicated that 
there was insufficient evidence to reject the null hypothesis that the visits to the odour 
stations were random. Furthermore, a y 2 test for heterogeneity, where responses were 
investigated across species and treatments also showed no significant differences (y2 = 
9.11, 4df). An analysis of the totals was therefore justified and showed that the 
difference between the test volume alternatives was significant (y 2 = 7.167, p<0.05).
5 . 4  Discuss ion
The main aim of this preliminary experiment was to get a first order approximation of 
what would be the optimal test odour volume to use in the main preference trials. To this 
end the experiment was a success.
The heterogeneity y 2 confirmed that the strategy of lumping all three species data together 
was acceptable. All species responded to even the smallest delivered quantity of test 
odour. In other studies of preference behaviour in bats (Mohres & Kulzer 1956; Laska 
1986; Reiger & Jakob 1988; DeFanis & Jones 1995a, 1995b), no attempt was made in 
preliminary trials to control stimulus quality or determine an appropriate stimulus volume. 
This is necessary in order to take into account species differences in olfactory acuity and 
was a main reason for doing so in the present study. More replicate trials were not run 
because by repeating the trials or having too many additional exposures to test stimuli per 
animal, it was possible that the bats would simply have stopped responding (Bateson 
1990). A more serious effect of excessive exposures to test stimuli is that patterns of
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preferences can be affected (Bateson 1979), presumably due the olfactory sense 
becoming fatigued (Berglund et al. 1986). Therefore the number of exposures to stimuli 
in this phase of the study was kept to the minimum required in order for a suitable test 
volume to be determined.
The composition and behavioural dynamics of groups of animals are often very complex 
(Crook 1970), but despite this many studies have been performed on groups as opposed 
to individuals (Martin & Bateson 1993). In essence, in these preliminary trials the 
preference of the group as a single entity was studied as was the case for a study on 
preferences of guillemots (Uria aalge ) for nine classes of sprats (S p ra t tu s  
sprattus)(SwQnnzn & Duiven 1991). It is recognised that individual behaviour can vary 
widely and even though some may not behave in a 'species specific' way the behaviours 
often make sense functionally (Slater 1981; Krebs & Davies 1981). A possible source of 
misinterpretation however, arises from the registration of an individual bat's behaviour 
for the group as the response to that odour stimulus and volume. There existed the 
possibility that an individual animal was the main participant in indicating preference for a 
stimulus option and could therefore produce a result which was accurate for that animal, 
but did not reflect the level of preference for the whole group. A similar concern was 
indicated by van der Meer (1992), who criticised the guillemot study because it did not 
allow for any information on individual preferences. Swennen and Duiven (pers. comm, 
cited in van der Meer 1992) thought that the probability of one individual having 
preferences which were totally different from those of the rest of the group was very low 
indeed. The likelihood of such an occurrence was reduced in this study by improving the 
identification of the bats in the low light conditions through collars and a detailed 
knowledge of particular distinguishing features of each animal. This ensured that if an 
individual bat was demonstrating atypical behaviours (such as those associated with 
stress as described in S 1 - S4, Tab. 4.1) then it could be identified and removed from the 
trial. Fortunately no such occurrence was noted in this experiment. The importance of 
such identification techniques in similar instances was emphasised by Martin and Bateson 
(1993) as being particularly critical for the focal sampling method, and rarely caused 
practical difficulties (Lane-Petter 1978).
As no single bat appeared to dominate the approaches to the stimulus chambers in any of 
the three study species, the preferences expressed are likely to be representative of the 
group and not a single animal. Selection of test animals and the inherent problems faced 
therein in relation to the representativeness of response for the species, have been 
highlighted in several studies (Mackintosh 1985; Martin & Bateson 1993 for reviews). It 
was argued that being too selective for test animals led to the generality of the results 
becoming questionable. A particular instance was that of Rogel (1978) who suggested 
that the reaction of male rhesus monkeys (Macaca mulatto) to a female odour was not a 
characteristic of that species but an effect produced by a small group of responsive males 
being chosen for the study, whereas when unselected groups were used no such response 
to the female odour was apparent.
The test groups in this study were selected and matched on the basis of their weight and 
sex, rather than ability to select odours in the test home cage. Therefore the test group 
were representative of Rogel's unselected group and as a result should have produced a 
balanced response. Wild flying-foxes such as P. poliocephalus are rarely solitary feeders
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(Eby 1991b). They often forage in groups although will vehemently defend individual 
feeding territories, even up to a distance of around three metres (Nelson 1965a; 
Puddicombe 1981). Richards (1991) proposed the idea of 'pioneer' or 'scout' bats for 
P. conspicillatus . These were thought to fly ahead of the main foraging group and 
locate new feeding areas, where upon arrival they would begin feeding and signal, 
presumably by the emission of tissue damage volatiles from predated fruits that a suitable 
food source existed. If this is an accurate description of the actual process then the bats 
would be likely to feed together in the first instance and hence the group feeding and 
searching together in the home cage would not be abnormal.
5 .5  Conclusions
1. All three Pteropus species responded positively to the presence of test odours as 
measured by specific approach behaviours. This indicated that these species were 
able to detect the presence of the odour stimuli at the concentrations presented.
2. Combined analyses for all three species indicated that the optimum volume of test 
odour distillate to use in the main trials was 0.5mL. This was determined as the 
volume to be used in subsequent trials.
98
SECTION III:
MAIN BEHAVIOURAL TRIALS
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III. I General Introduction
Responses to specific stimuli are often specific in themselves. To produce a specific 
response an animal needs to detect a stimulus, interpret its meaning, make a judgment 
concerning it, a decision as to a course of action and eventually express a preference for 
one or several of the stimulus options (Rachlin 1989). The exact meaning of a stimulus 
may not simply be derived from an analysis of the chemical composition of the stimulus, 
but is related to the central processing of the nerve impulses arriving in the CNS from the 
sensory neurones. Elucidation of the meaning of the stimulus is not (however 
interesting), within the orbit of the aims of this thesis. The revelation of the patterns of 
odour preferences of flying-foxes is a central theme, which may shine some light on how 
and perhaps why the bats choose what they do.
Evidence for the use of olfaction in bats (reviewed in chapter 2) comes primarily from 
studies on members of the Phyllostomidae. Megachiropterans, particularly those 
belonging to the genus Pteropus, have received little attention. Pteropodids have been 
reported as being apparently selective in their choice of foods (Ratcliffe 1931, 1932; 
Okon 1974; Pike 1977; Marshall 1985; Jamieson 1988; Thorpe 1988; Parry-Jones 1990; 
Parry-Jones & Augee 1991; MacDonald 1991; Oldfield - in prep.), but the contribution of 
the sensory modalities underlying the selection process have not previously been 
investigated. The ability of these bats to discriminate between different odours has, in the 
past, been implied from field observations and anecdotal information (reviewed in 
Bhatnagar 1972). Möhres and Kulzer were the first to produce empirical data to suggest 
olfaction as being particularly important in pteropodids (Möhres 1953; Möhres & Kulzer 
1956). This ability has not since been demonstrated in non-echolocating 
Megachiropterans until the present study. Anatomically, P. poliocephalus, P. scapulatus 
and P. alecto are well developed for olfaction (Stephan & Nelson 1981). Furthermore, in 
chapter 5 it was shown that these three species of flying-fox responded differently to 
different volumes of fruit-derived test odours (Tab. 5.3). These preliminary data across 
all species indicated that the bats' behaviour was indeed influenced by different volumes 
of test odours presented to them.
The next phase of the investigation, described in this chapter, involved a more rigorous 
design and treatment of the effects of odours on preference behaviour expressed by these 
species. In chapter 4 the general behavioural repertoire of P. p o lio c e p h a lu s , 
P. scapulatus and P. alecto in relation to feeding was recorded and appropriate 
preference - related behaviours identified for use in the subsequent behavioural analyses 
described in this chapter.
The main objectives of this section of the study were:-
(i) To assess the suitability of the preference chamber, designed specifically for this 
study, in measuring preferences of Pteropus species.
(ii) To test the hypothesis that P. poliocephalus, P. scapulatus and P. alecto respond to 
olfactory cues and discriminate between different test stimuli.
100
(iii) To identify the nature of the patterns of preference to a selection of fruit - derived 
odours expressed by the three Pteropus species under study.
(iv) To undertake intra- and interspecific comparisons of these preference patterns.
(v) To devise suitable methods for the measurement and analysis of preference 
inconsistencies.
III.II Investigating Preference - General Principles Applied in This 
Study.
Descarte's view of human decision and choice underlies our intuitive belief system today, 
which has and still is transferred to the laboratory in studies of preferences of non-human 
animals. Rachlin (1989) suggested that this intuitive belief system is now part of our 
'folk psychology', one where preferences are the end point behaviours or external 
expressions of choices, these being efficiently caused outcomes of decisions, which are 
presumably explicable in terms of purposes and intentions. It is important to be aware of 
this from the outset because before beginning an analysis of preference behaviour in 
Pteropus  species, it is necessary to demarcate the boundary between empirical 
behavioural analysis and a descriptive philosophy of psychology.
Tests of responsiveness to stimuli have been analysed in a variety of different ways 
(reviewed in Rachlin 1989; Martin & Bateson 1993). In classical laboratory studies 
choice is commonly studied with a Skinner box containing two operant alternatives, from 
which the responses are expressed as (i) behaviour ratios or (ii) relative choice values 
(Passe & Walker 1985; Rachlin 1989). Outside the confinement of this arrangement 
however, the standard decision variable used has been based on the approach of an 
animal to one or more stimuli (Doty 1975; Mackintosh 1985). Conversely the 
withdrawal of an animal from a stimulus has been interpreted as an aversive response to 
that stimulus (Sterner et al. 1980; Carman 1993). Preference tests predominantly involve 
tests of differential responsiveness to features of an animal's environment (Bateson 
1990). This in itself demands that the animal is able to discriminate between the options 
which have been presented. Therefore most studies of preference have invariably 
involved measures of discrimination as the two are intimately related (Irwin 1958).
Measurement of conditioned responses to well defined chemical stimuli have been 
dominant in the quantification of the functional capacities of vertebrate sensory systems 
(Stebbins 1970, 1990; Passe & Walker 1985; Slotnick 1990). Although preference 
studies are no longer favoured for the precise determination of absolute thresholds 
(Stebbins 1990), they are valuable in the investigation of animals' selective attention to 
aspects of stimuli as a prelude to such detailed threshold determinations. Unconditioned 
responses provide valuable information on the role of chemical stimuli in the natural 
behaviour of animals (Passe & Walker 1985). This being a major aim of the present 
study, then unconditioned responses (in the sense that after the initial training to enter the 
stimulus compartments for food rewards, no bats were conditioned to a specific test 
odour stimulus) were utilised to gather important first evidence of a role for olfaction in 
Australian pteropodids.
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In chapter 5 the initial preference trials utilised the approach behaviour as a basis for 
measurement of preference, a methodology continued in the further investigation of 
individual preferences in the experiments outlined in this chapter. These preference trials 
used stimuli presented simultaneously, allowing for a more sensitive measure of 
preference (Martin & Bateson 1993). This greater accuracy arises due to the decision axis 
being able to be focussed on a narrower range than that which is allowed by successive 
presentations (Welford 1976). Furthermore, all odour stimuli were presented in pair­
wise comparisons allowing the bats to respond to either of them or to none, thus enabling 
information to be gathered on the mechanism of comparative judgements (Thurstone 
1927; Coombs et al. 1970) involved in the appraisal of the odour stimuli by the bats.
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Chapter 6. Odour Preference Trials
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6.1 Experiment 1: P. poliocephalus Preference Trials
6.1.1 Introduction
Spatio-temporal availability is probably a major factor that influences the degree of dietary 
selectivity in frugivorous bats (Fleming 1986). Australian Pteropus species are presented 
with a food availability which is spatially and temporally variable, making it difficult to 
assess and quantify by researchers (Eby 1991b). P. poliocephalus was considered by 
McWilliam (1985) to have an "intermediate diet" which allows a wider range of nectars, 
pollens and fruits than either P. alecto or P. scapulatus. Fleming (1986) described 
several phyllostomids as having very similar dietary and foraging characteristics as 
P. poliocephalus in some aspects, therefore in this sense P. poliocephalus could be 
described as a sequential generalist in its diet.
Numerous workers have identified pollen and seed in P. poliocephalus faeces at varying 
times throughout the year, and have interpreted changes in frequency of occurrence as an 
indication of the animals' selectivity or preference (McWilliam 1985; Parry-Jones & 
Augee 1991; Eby 1991a, 1991b; MacDonald 1991). Caution must be exercised in such 
cases as preference can only be indicated if the abundance of a particular food type in the 
faeces is significantly different from that available in the field at the time of faeces 
sampling. Under semi-controlled conditions P. poliocephalus has been reported to 
express transitive preferences for a variety of eucalypt flowers and commercial fruits 
(MacDonald 1991). These data were obtained using fresh, whole food items presented in 
an outdoor cage, and a food consumption measure to determine "preference". This, 
however, failed to allow for control of stimulus quality, idiosyncratic behaviour of test 
animals or other experimental effects. The stimuli being used by the bats to determine 
preference has not been investigated. MacDonald (1991) presumed that the animals were 
selecting on the basis of visual and/or olfactory cues, without any evidence to indicate that 
this was indeed the case. The following preference trials for P. poliocephalus attempted 
to address some of the issues raised in MacDonald's thesis and to provide some clues as 
to the sensory basis of the "preferences" expressed by this species.
6.1.2 Materials and Methods 
6.1.2.1 Study Animals
Adult male P. poliocephalus were used in the trials as in chapter 3. All individuals that 
were observed to maintain their body weight within ± 5% of capture weight and showed 
no adverse behavioural effects due to the pre-trial process, were entered into the main 
preference trials. Although P. poliocephalus was consistently within the ± 5% capture 
weight range used as a guideline of consistency, one individual (Pp 07) had to be 
removed due to dramatic short-term fluctuations in body weight. Therefore six bats were 
entered into the main body of odour preference trials. As with the pre-trials, all bats were 
continually monitored for adverse signs of weight change, stress-related behaviours or 
injuries. No animals were allowed to continue with trials whilst on any drug treatment 
for injuries or infections.
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6 . 1 . 2 . 2  Stimulus Presentation
A passive diffusion method similar to that used by Laska (1989, 1990a, 1990b) but with 
high GC-quality odour mixtures, was favoured. This offered fine control over the 
stimulus delivery and avoided noise distractions typical of air dilution olfactometers 
(Dravnieks 1975; Slotnick 1990).
Test odour solutions consisted of high quality fruit distillate fractions produced by steam 
distillation or ethanol solvent extraction (A. Fröhnecke - pers. comm.25). Prior to the 
main trial period, 21mL aliquots of distillate were placed into dark 50mL glass screw-top 
bottles. These bottles were refrigerated at all times other than when in use in the main 
trials. Test odour solutions were each allocated a number selected from a random 
numbers table, and prior to the trials a volunteer (Dr M. Tanton26) labelled each of the test 
odour distillate containers with their allocated number. This procedure ensured that the 
identity of the test odours was unknown to the experimenter and hence the trials were run 
'blind' with respect to the test odour distillates. Before each trial began, 0.5mL test 
odour distillate was pipetted onto the centre of a filter paper (Whatman Number 1, 5.5cm 
diameter i.e 23.8cm2 diffusion area) placed in the base of a borosilicate glass petri dish. 
This was then covered with a glass lid and kept below 10°C in an "Esky" cool box until 
placed into position in the stimulus side compartment of the preference chamber 
(Fig. 3.3) immediately before the release of a bat from the transfer box which denoted 
the onset of a trial period.
A blank stimulus consisted of a glass petri-dish, filter paper and food reward in the 
reward drawer. In every respect, the stimulus blanks were treated exactly as were the 
other stimulus dishes. A complete set of petri dishes containing stimuli and blanks were 
prepared at the beginning of each rotation period. These were marked and stored five 
days in advance and were identified only by the number on the petri dish. This procedure 
minimised the risk of identification by the experimenter of odour stimulus positions 
during the trial period.
6 . 1 . 2 . 3  The Basic Trial
A complete experimental trial began with a bat being selected from the home cage 
according to the experimental schedules described in Sec. 6.1.2.4. The bat was then 
removed, weighed and placed into the transfer box which was located onto the side of the 
main preference chamber in preparation for the trial (Fig. 3.2f). A period of 10 min was 
allowed for the bat to settle in the transfer box, during which time the room temperature, 
relative humidity and light intensity were measured. In addition, test odours were 
prepared and placed in the stimulus compartments according to the schedule (Tab. 6.3). 
The sliding door which connected the transfer box to the main chamber was removed 
until the bat emerged into the main chamber. At this point the transfer box door was 
closed and the experimenter returned to the observation position in the home cage room 
(Fig. 3.1). The observation period for a trial began when the bat started to search within
Dr. A. Fröhnecke, Scholvien GmbH & Co., Germany. 
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the chamber at which point a timer was started and all approach and other relevant 
behaviours previously described in Chapter 4 (Tab. 4.3) were recorded, together with 
the decision variables described in Sec. 6.1.2.5. After a period of 15min search 
behaviour the trial was ended, the bat removed by the experimenter and returned to the 
home cage.
Animals displaying stress-related behaviours for the duration of the observation period 
were removed from the chamber and returned to the home cage and the trial recorded as a 
null trial. In the event of a bat showing no search or stress behaviour within the 
observation period, an extension of 15min was allowed and further behaviours recorded. 
At the end of the extension period the bat was returned to the home cage as in the other 
trials. A decision tree describing the progress of a bat through a trial is shown in 
Fig. 6.1.
The preference chamber was then prepared for the next trial. All three petri dishes (2 
stimulus + 1 blank) and filter papers were removed, in addition to food rewards (or 
remnants thereof) in the reward drawers. The chamber was washed with pyroneg after 
removing all urine and faeces in a similar manner to the procedure of Walker & Croft 
(1990). It was then purged with air at 77Ls"l for 4.7min, which was equivalent to 20 
times the volume of the chamber. The chamber design allowed for air to flow over most 
of its internal surfaces (Fig. 6.2), and this rate of extraction was chosen to reduce the 
concentration of odour molecules adhering to the non-adsorbent surface of the chamber 
by a factor of 103 (Dravnieks 1975). Each bat was trialed once per day and at the end of 
each rotation the chamber was dismantled by reversal of the steps shown in Fig. 3.2a-f, 
and the sections steam cleaned before reassembly. The test apparatus was then prepared 
as before for the next trial with a different bat.
6.1.2.4  Stimulus Rotation Procedures
Each odour pair was numbered by a volunteer and each combination allocated a letter of 
the alphabet for ease of representation in the trials rotation schedules (Tab. 6.1). A total 
of 28 odour pair combinations were organised so that each bat was tested on a single pair 
combination once daily and that the same block of trials did not appear on two 
consecutive trial rotations (Tab. 6.2). This complex rotation schedule (detailed in 
Tab. 6.3), was organised so that (i) an odour stimulus pair was not presented in the same 
order trial on consecutive days, (ii) each time an odour pair was presented its orientation 
in the chamber was reversed (eg. side chamber positions alternated for the same odour 
compared to the position of the blank [no odour stimulus] condition).
These complex rotations and presentations were aimed to overcome position preferences 
and reduce the potential for a bat recognising and remembering an odour due to exposure 
to that odour in successive trials. One non-trial day was introduced between each rotation 
of four days. Thus for P. poliocephalus a total of 196 trials were run (28 trials per 
rotation [4 days] x 7 rotations + 6 rest days = 35 trial days for total experiment).
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main chamber
stimulus
compartment
^  flap open
transfer
box
air purged to outside 
via on-line extractor fan
Fig. 6.2 Side elevation of preference chamber to show the pattern of air flow during 
purging and preliminary trials.
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Tab. 6.1 Identification of test odour pairs for use in conjunction with the trials 
schedule.
Test odour 1 2 3 4 5 6 7
1
2 A ■:
3 I G
4 H J B
5 M Q U AA
6 Y N R V F
7 W z P T K C
8 S X BB O D L E
(NB: Each letter within a box represents a specific odour pair combination eg. Mango-Banana. Each 
odour was numbered so that the identity was unknown to the experimenter until after all trials were 
completed)
Tab. 6.2 General scheme for the ordering of odour combinations to individual test bats 
over a 28 day trials period.
Rotation Day
1 2 3 4
1 A B C D
2 E F G H
3 I J K L
4 M N 0 P
5 Q R S T
6 u V w X
7 Y Z AA BB
(rotation = 1 block of 4 days @ 7 bats tested/ day = 28 paired comparisons. Complete experiment = 7 
rotations to produce all possible combinations of odour stimulus pairs. Each letter A to BB represents an 
odour stimulus pair selected from apple, banana, orange, mango, passionfruit, papaya, peach, ethanol).
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B a t  1 B a t  2 B a t  3 B a t  4 B a t  5 B a t  6 B a t  7 O r i e n t a t i o n
R o t a t i o n  1 D a y  1 C o m p a r i s o n A  1 E 1 M Q U Y L e f t
R e s u l t
D a y  2 C o m p a r i s o n B F J N R V z R i g h t
R e s u l t
D a y  3 C o m p a r i s o n C G K O S W A A L e f t
R e s u l t
D a y  4 C o m p a r i s o n D H L P T X BB R i g h t
R e s u l t
R o t a t i o n  2 D a y  5 C o m p a r i s o n E L P S W z B L e f t
R e s u l t
D a y  6 C o m p a r i s o n F 1 M T X A A C R i g h t
R e s u l t
D a y  7 C o m p a r i s o n G J N Q u B B D L e f t
R e s u l t
D a y  8 C o m p a r i s o n H K O R V Y A R i g h t
R e s u l t
R o t a t i o n  3 D a y  9 C o m p a r i s o n 1 P R U A A B H L e f t
R e s u l t
D a y  1 0 C o m p a r i s o n J M S V BB C E R i g h t
R e s u l t
D a y  11 C o m p a r i s o n K N T W Y D F L e f t
R e s u l t
D a y  1 2 C o m p a r i s o n L O Q X Z A G R i g h t
R e s u l t
R o t a t i o n  4 D a y  1 3 C o m p a r i s o n M R W BB A F L L e f t
R e s u l t
D a y  1 4 C o m p a r i s o n N S X Y B G 1 R i g h t
R e s u l t
D a y  1 5 C o m p a r i s o n O T U Z C H J L e f t
R e s u l t
D a y  1 6 C o m p a r i s o n P Q V A A D E K R i g h t
R e s u l t
R o t a t i o n  5 D a y  1 7 C o m p a r i s o n Q W BB B H K M L e f t
R e s u l t
D a y  1 8 C o m p a r i s o n R X Y C E L N R i g h t
R e s u l t
D a y  1 9 C o m p a r i s o n S u Z D F 1 O L e f t
R e s u l t
D a y  2 0 C o m p a r i s o n T V A A A G J P R i g h t
R e s u l t
R o t a t i o n  6 D a y  2 1 C o m p a r i s o n U z D G K M R L e f t
R e s u l t
D a y  2 2 C o m p a r i s o n V A A A H L N S R i q h t
R e s u l t
D a y  2 3 C o m p a r i s o n w BB B E 1 O T L e f t
R e s u l t
D a y  2 4 C o m p a r i s o n X Y C F J P Q R i g h t
R e s u l t
R o t a t i o n  7 D a y  2 5 C o m p a r i s o n Y A E 1 M Q V L e f t
R e s u l t
D a y  2 6 C o m p a r i s o n z B F J N R W R i g h t
R e s u l t
D a y  2 7 C o m p a r i s o n A A C G K O S X L e f t
R e s u l t
D a y  2 8 C o m p a r i s o n BB D H L P T U R i q h t
R e s u l t
Tab. 6.3 Experimental design for rotation of paired comparisons in P. poliocephalus 
odour preference trials.
(Letter refers to an odour pair combination; orientation refers to chamber position 
relative to the blank [no odour condition]; rotation = 4 days x 7 trials/ day).
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6 .1 .2 .5  Behaviour Scoring for Odour Preferences
All trials were carried out in the preference chamber in which the bats had been previously 
acclimatised and trained to enter side (stimulus) compartments in order to remove food 
rewards (Ch. 4). During all previous exposure to the chamber the bats were rewarded for 
entering any side (stimulus) compartment without there being any fruit odour underneath 
the diffusion surface of a compartment. In these main trials, test odour stimuli were 
placed underneath the diffusion surface in a series of specific orientations to overcome 
position preferences (Sec. 6.1.2.4) and the visitation patterns of the bats were monitored 
by direct observation.
A modified approach-format was adopted which involved the bats being accustomed to 
entering stimulus compartments in order to receive a food reward, but without 
conditioning the bat to a specific test stimulus. Thus the bats were effectively positively 
reinforced with a food reward for any visit to a stimulus compartment, so that the 
differences in responses to test odours were spontaneous but under controlled conditions.
This method enabled simultaneous discrimination of two test stimulus odours per trial. 
The dependent variables were (i) duration of visit to stimulus source box (ii) frequency of 
visits, (iii) a hierarchical decision rule (HDR) based on several behavioural measures, (iv) 
preference order i.e the order of visitation of the bats to the stimulus chambers and (v) 
number of complete approach sequences. The HDR decision rule was essentially a 
composite measure and its application was based on the premise that an animal which 
approached and entered a stimulus compartment and collected a food reward in close 
proximity to the odour source, was more motivated than one where the animal merely 
entered the stimulus compartment but did not remove a food reward, or even failed to 
investigate the area close to the reward drawer. A rank of approach behaviours was 
therefore constructed in which the relative importance of the approach behaviours could 
be assessed and weighted, thus providing a more sensitive measure of preference than 
frequency or duration alone (Bateson 1990; Martin & Bateson 1993). Attention was paid 
to the progression of a bat from AO through to AE + CFR (CFR = collected the food 
reward), which indicated a complete approach sequence and was recorded as a single 
response event.
In scoring therefore, the frequency of occurrence of all AE behaviours was recorded as a 
first priority, as shown below:-
AE (CFR) > AE (AFR) > AE (NAFR) > AI > AO > Duration (AE > AI > AO) > Preference Order
I__________________________________ I
Frequency
The presence of an AE + CFR was the most convincing measure of preference and if this 
occurred in any stimulus chamber then it indicated preference for the odour present in that 
chamber for that particular trial. If no AE + CFR was recorded then the scoring 
progressed down to the next highest weighted preference indicator i.e. AE + AFR. This 
continued through to AO behaviours. If frequency of occurrences of approach 
behaviours were tied, then the scoring progressed down to duration of approaches. In
1 1 1
the event of a tie on duration, then the order of approach to each stimulus compartment 
was taken as the indicator of preference.
6.1.2.6 Statistical Analyses: Theoretical Background and Tests
The timetable and data entry structure were designed to be as flexible as possible. As a 
result the following features were included:-
(i) The twenty eight possible pairs of odours, with seven bats as the experiment group 
(Tab. 6.1), were timed at twenty eight days of testing. Each bat was tested once 
per day and each tested every odour pair once only during the trials period.
(ii) The period of twenty eight test days was broken into seven rotations of four days 
each, during which every pair was tested once only, on one of the seven bats.
(iii) If any pair of odours elicited consistent behaviour after five rotations, they were 
considered for subsequent exclusion from the remainder of the experiment period. 
The function of this was to free resources for focussing upon areas of greater 
uncertainty (A. Robinson - pers. comm.27).
(iv) The trials schedule avoided the situation where comparisons which were adjacent to 
each other (i.e. A and B) were carried out on the same day. Hence the general 
order of the four cycles was as shown in Tab. 6.3. In order that the potential 
problems from the resulting loss of balance be minimised it was necessary to avoid 
heavily representing one odour within the groups. The eight odours were therefore 
divided into both four pairs and each odour occurred only once within each group.
This design thus provided some insurance against the possibility of different results on 
different days as a result of a 'day effect', but otherwise was not considered an important 
part of the structure.
One of the main objectives was to allow the bats to express a null preference if necessary. 
The situation where animals are forced into a 'yes' or 'no' response when presented with 
a choice between alternative stimuli, is unrealistic and often analysed on a one-zero basis 
for the convenience of the experimenter. Data were therefore analysed on several 
different levels to address the following items:-
(i) Deviation of pattem of approach from random expectation.
(ii) Tests to ensure that the effects measured were not due to the experimental 
arrangement.
(iii) Differences between individual bats within species and between species totals for 
consistency in preference patterns.
(iv) Linearity and transitivity of preference ranks.
(v) Analysis of preference intransitivity.
Lecturer in Biometrics, ANU. - letters plus subsequent discussions throughout 1991 and 1992.
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Visitation patterns (irrespective of decision parameter selected) ideally should have been 
compared with an expected pattern of 33.3% visitation to each chamber, using a normal 
approximation to a binomial distribution (Ferguson 1976). This gave a probability from 
binomial distribution tables that the observed distribution was either due to random 
behaviour or, if not, provided an indication as to whether the bats were being influenced 
by the placement of odour stimuli in the preference chamber. In addition to the measures 
in the methods to ensure that the formation of position preferences were minimised, a 
simple x 2 test of goodness of fit to equal visitation frequencies in each stimulus 
compartment was applied (Robson 1983). Ethanol was also added as a test stimulus in 
addition to the control blank compartment.
Individual preferences analysis involved more detailed and original statistics, some of 
which had to be developed for the first time in relation to intransitive preferences (Ward 
1992). As the data was to be represented on an ordinal scale (the position of an odour in 
it being determined by the score allocated according to the level of activity of the bat in 
relation to a particular odour stimulus (Coombs et al. 1970)), then Kendalls' test for 
agreement (coefficient of agreement, u) was applied to the rank data scores (Kendall 
1970). Values of 'u' were calculated from matrices of scores where a situation with 
odour a being preferred to b (or a >- b) was allocated a score of + 1, a -< b scored 0, and a 
null preference, a tie or indifference to both odours (a ~ b) given 0.5 (notation taken from 
French 1986).
Further to the analysis of consistency of preference rankings across bats, the nature of the 
ranks was investigated. Preference or dominance ranks can be linear, ie. a strict order 
where one element in the rank is always more highly preferred than another element. A 
measure called Landau's index of linearity, L (Landau 1951) was used to assess the 
degree to which the preference ranks were linear. When several odours are investigated 
by a series of pair-wise comparisons the underlying basis for rational choice is that of 
transitivity of preferences (Kendall 1970; Coombs et al. 1970; French 1986; Martin & 
Bateson 1993; M. Ward pers. comm.28). Transitivity, the condition where a >- b, b >- c 
and a >- c ideally leads to ranks which are completely consistent. However, the case 
where a >- b, b >- c and a -< c often arises when using paired comparisons instruments, 
and in this instance it is called a circular triad i.e.
C
a
b
transitive preferences 
(a >- b >- c -< a)
intransitive preferences 
(a >- b >- c >- a)
The occurrence of circular polyads was not investigated in this study. The number of 
circular triads was used additionally as an indicator of preference consistency by 
comparing the frequency of occurrence of circular triads with that frequency distribution
Lecturer in Mathematics, ANU. - provided a copy of his unpublished notes on Consistent Choice 
Models.
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to be expected if the bats were making the choices by chance. Preference polygons were 
constructed in the present study using Kendall's method, but with the important addition 
that where the behavioural data indicated a 0.5 score, a line was removed from the 
preference polygon for that individual bat. This resulted in an incomplete preference 
polygon for that individual bat when tested under controlled conditions.
In the present study a technique was developed by the creation of a computer program 
"bats" (Ward 199229), to allow for the calculation of the expected number of circular 
triads in such cases where null preferences, ties or equal preferences had resulted in the 
removal of lines from a preference polygon. The incomplete polygons were entered and 
the program calculated the number of circular triads with one line preference direction 
reversed (since circular triads can be clockwise or anticlockwise). A next line direction 
was reversed and so on until the distribution of circular triads and number of line 
reversals required to produce them was calculated (Fig. A.6.1; Txt. A.6.1). A separate 
polygon was plotted for each individual and for each decision variable. Upon completion 
of the calculation of expected numbers of circular triads, each polygon was searched 
manually in a predetermined sequence (Txt. A.6.2). Observed frequency of circular 
triads was then compared with the expected frequency at the 5% level. An observed 
frequency greater than the 5% expected value indicated that the inconsistencies in 
preferences were non-random.
Finally, by measuring only the responses to presented odours information on the degree 
of preference is not immediately available (Tinsley et al. 1984). A descriptive analysis of 
the preference strengths based on the proportion of test animals that responded to one 
odour over another was therefore undertaken (Rachlin 1989).
6.1 .3  Results
6 .1 .3 .1  Gross Visitation Patterns 
(a) Odour vs Non-Odour Responses
A description of the scoring procedure for all five decision measures is shown in 
Tab. 6.4. With the exception of the preference order decision variable, all measures of 
behaviour indicated that P. poliocephalus did not approach the odour stimuli in a random 
manner (Tab. 6.5). The deviation of visits from the expected 0.33 proportion was most 
significant for the HDR measure (3.6 std. dev. from the mean, p = 0.0004), but not 
significant for the preference order decision rule (1.1 std.dev. from the mean, 
p = 0.276). These observations suggest that the measure which described behaviour in 
terms of both structure (AE, AI, AO) and consequences (CFR, AFR, NAFR; see p. 84) 
i.e the composite measure HDR, was the most sensitive, however the structural measures 
alone were still highly significant and potentially useful. As a result it was decided that all 
subsequent analyses should focus on the HDR measure alone unless other measures 
revealed more significant agreements.
29 © Dr. M. Ward, Dept, of Mathematics, ANU.
Tab. 6.4 (Facing page) Examples of scoring system for approach behaviours to 
determine preference for odour stimuli in Pteropus species.
(Three trials were selected to illustrate different performance scenarios. C l, C2 and C3 are stimulus 
compartments 1, 2, and 3 respectively; Frequency, Duration, Visit Order and Hierarchical Decision Rule 
[HDR; highlighted in red] are described. AO, AI, AE and AE types are described in Tab. 4.1. Trial # 05 
is a clear example where all measures agree. In this trial on all parameters, stimulus #6 scores highest and 
therefore this stimulus is recorded as being selected by the bats. Trials 09, however, shows that initially 
on the frequency measure there is a tie between stimulus #4 [compartment 1] and the control stimulus 
[compartment 2], At this point the types of visits are investigated and again there is a tie between C 1 and 
C2, but the visits to Cl had 2 higher weighted "AE+AFR" (AFR = attempts to collect the food reward) 
visits compared to only 1 for C2, plus 1 lower-weighed "AE+NAFR" (NAFR = no attempt to collect the 
food reward). Therefore on the hierarchical [HDR] measure. Cl i.e. stimulus #4 is recorded as being 
preferred by the bat. In the same trial, Duration measure alone indicated that stimulus #4 was preferred, 
but the control condition was recorded based on visit order alone.
In trial 14, based on Frequency, Duration and visit order measures alone there are three different 
conclusions as to which is the preferred stimulus. Analysis on the basis of the composite measure 
however, indicated a higher incidence of heavily-weighted "AE"-type visits to Cl and hence stimulus #4 
was recorded as the preferred odour.
1 15
C o m p a r i s o n 05 09 14
C  1 6 ^ 4 c
S t i m u l i C  2 c c 4
C  3 5 7 6^ >
T e m p  ( o C ) 20 20 20
l u x 6.6 5.2 6.2
R . H . ( % ) 60 55 49
W t  ( g ) 755 750 715
A O 2 0 2
F R E Q .  1 A I 6 1 22
A E 3 2 3
T O T A L  F R E Q .  1 1 1 3 7
A O 1 l 0
F R E Q . 2 A I 1 0 3
A E 1 2 2
T O T A L  F R E Q .  2 3 3 5
A O 0 0 1
F R E Q .  3 A I 1 0 0
A E 0 0 0
T O T A L  F R E Q .  3 1 0 1
A O 0 0 0
D U R A T I O N  1 ( s ) A I 28 34 0
A E 126 29 78
T O T A L  D U R .  1 (s) 1 5 4 6 3 7 8
A O 0 0 26
D U R A T I O N  2 ( s) A I 0 0 3
A E 15 27 141
T O T A L  D U R .  2  ( s) 1 5 2 7 1 7 0
A O 0 0 4
D U R A T I O N  3 ( s ) A I 2 0 0
A E 0 17 0
T O T A L  D U R .  3  ( s ) 2 1 7 4
C  1 1 2 2
V I S I T  O R D E R C  2 3 1 3
C  3 2 3 1
A E  T Y P E S :
C F R 1 0 1
C 1 A F R 0 2 1
N A F R 2 0 0
T o t .  1 3 2 2
C F R 0 0 1
C  2 A F R 0 1 1
N A F R 1 1 1
T o t .  2 1 2 3
C F R 0 0 0
C  3 A F R 0 1 0
N A F R 0 0 0
T o t .  3 0 1 0
T o t a l 4 5 5
D E C I S I O N F r e q 6 4 = 7 c
D u r 6 4 4
H D R 6 4 4
O r d e r 6 c 6
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Tab. 6.5 Preference chamber responses of P. poliocephalus (n = 6 animals; 168 trials'*') 
to test odour stimuli, as measured using five different decision variables.
Decision
Parameter
Distinct
response
Equal
preference
Controls
preferred
None Prop, of 
control®
p*
Frequency 97 24 31 0 0.20 0.0007
Duration 121 0 31 0 0.20 0.0007
HDR 121 1 30 0 0.20 0.0004
Pref.Order 95 0 57 0 0.38 0.2760
Sequences 30 14 5 103 0.11 0.0022
(® Number of trials where control blank stimulus was selected as a proportion of total returns; * 
normal approximation to binomial test [Fergusen 1976]; t  152 total returns + 16 incomplete trials; 
HDR decision variable selected for statistical analyses is highlighted in red; Sequences refer to a 
complete progression from Approach only through to Approach Enter + Collect Food Reward).
Tab. 6.6 Decision outcomes for P. poliocephalus (n = 6) in a three-way choice 
chamber for 152 distinct returns, measured on a HDR decision variable.
Compartment 1 2 3 Total
Observed # visits 80 39 35 152
Expected # visits* 54.26 48.87 48.87 152
X2 12.28 2.00 4.84 18.23
(for 2 df, po.ooi = 13.82; Based on random visitation model with correction for over­
representation of control condition in compartment 1 [Fig. 6.3])
control
apple
banana
ethanol
mango
orange
papaya
passionfruit
peach
“I-----------r
0 10 20 30 40 50 60
Frequency
Fig. 6.3 Frequency of occurrence of test odour distillates in stimulus compartment 1 
for P. poliocephalus trials*.
(* n = 168 trials; Preference chamber orientation for P. poliocephalus trials as in Fig. 3.1; 
control = petri dish, filter paper, food reward, no odour distillate)
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Although behaviour sequence analysis indicated a significant deviation from random 
visitation pattern by the bats there were a large number of trials (103) where no complete 
sequences were observed (Tab. 6.5). When a bat approached rapidly and entered without 
a pause at the entrance to a stimulus compartment the approach was recorded as an "AE 
only" response. In other instances the bat showed AO and AI approaches without AE, 
therefore this measure, because of the high incidence of 'failures' was excluded from 
further analyses for P. poliocephalus, as was preference order.
The mean times spent by bats inside stimulus chambers containing odours (i.e. all AE 
classes) were low (39.5 ± 4.8s, SE, n=229) compared with mean visit duration for non­
odour compartments (47.1 ± 14.7s, SE, n=106), although the difference between the 
means was non-significant (t = 0.625, 333 df, p>0.05). This appeared to conflict with 
the duration responses in Tab. 6.5, which indicated an overwhelming preference for 
odour over non-odour compartments (p=0.0007, normal approximation to binomial). 
The difference rested in the behaviours included in the duration measure. The response 
data in Tab. 6.5 included all approach measures (AO, AI and AE types), whereas the 
mean times analyses included only AE visits.
All possible distraction cues were controlled, as were variations in temperature (19.4 ± 
0.2 °C), relative humidity (47.3 ± 1.7 %) and light intensity (0.63 ± 0.05 lux) (all values 
± SE, n = 168) during the trials.
(b) Compartment Effects
Analysis of the data from these P. poliocephalus trials indicated that visitation behaviour 
was not evenly distributed amongst the test odour compartments (Tab. 6.6). The visit 
distribution was significantly different from random ( / 2 = 24.51, 2df, pcO.001), with a 
higher than expected count for compartment 1, and lower count for compartment 3. 
Compartment 1 was the closest to the door that joined the experiment room and the home 
cage room, and it appeared that bat activity was in this part of the preference chamber 
(See Fig. 3.1 for orientation of the preference chamber in relation to the room layout).
Further investigation of the distribution of test odours within compartment 1 revealed a 
minor imbalance in the design (Fig. 6.3). The mean number of occasions on which an 
odour was present in compartment 1 was 13.5 ± 1.0 (SE, n=108), however, peach odour 
was over-represented (18) and ethanol under represented (9). This imbalance was 
allowed for in the analysis of visitation patterns (Tab. 6.6), so did not affect the 
significance of the results in relation to the compartment 1 effect. The increased activity 
of bats in relation to compartment 1 was unexpected in the light of the observation that the 
control stimulus condition (food reward, petri dish and untreated filter paper) was 
positioned more frequently in this compartment than were any of the other stimuli.
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6.1.3 .2 Test Odour Preferences
Having demonstrated that on four out of five decision measures P. poliocephalus showed 
a significant positive response to the presence of test odour stimuli, the subsequent 
analyses revealed more detail as to the exact nature of responses to individual stimuli.
(a) Odour Preference Hierarchies
Allocation of scores for responses in each paired comparison (Tab. 6.7) produced a rank 
of odours from most preferred at the top to least preferred at the bottom, for each of the 
five decision variables. Looking specifically at the HDR variable for the sum of all bat 
scores, banana was the most preferred and apple the least. Minor variations were 
apparent when individual bat preferences were ranked (Tab. 6.8). Banana and mango 
odours were consistently in the upper half of the preference rank (except Pp06) whereas 
apple and passionfruit were consistently in the lower third. Comparison across individual 
bat ranks using Spearman's p without correction for ties was not possible due to the 
relatively large number of ties which reduced the reliability of the test (Robson 1983; 
Fergusen 1976). Transitivity can still be preserved in the presence of ties (Nelissen 
1986). The P. poliocephalus data was therefore ranked, especially since although 
individually there were ties in each rank, when the scores were summed across bats there 
were no ties (Fig. 6.4).
Analysis of individual rank scores revealed coefficients of agreement which were non­
significant on all decision measures (Tab 6.9). The u-value range is however non-linear 
from -0.2 to +1.0 and measures the degree to which the bats agree in their rankings of the 
fruit odours. The HDR and Duration measures indicated that agreement was positive 
(+0.05 and +0.03 respectively) but non-significant in this instance. This did not mean 
that the agreement was insufficiently high to conclude that preference for odours was non 
random (A. Robinson - pers. comm.30). The correct interpretation of u-values was that 
the patterns of the ranked preferences within odours and across bats were not in 
agreement to a statistically significant level. Clearly the bats preferred odour over non­
odour (Sec. 6.1.3.1), however the differences between individual bat preferences were 
relatively large for the case of complete ranks.
The same odour types consistently appeared in the upper and the lower thirds of the 
ranks. The clustered region involving peach, ethanol, orange and papaya odours 
(Fig. 6.4) was where much 'switching' of rank positions occurred. For example, both 
banana and mango appeared in the top two ranked positions in three out of six bats and 
either odour was present in the remaining three (Tab. 6.8). Similarly, apple and 
passionfruit odours appeared in the bottom two ranked positions in five out of six bats, 
with passionfruit appearing in the remaining bat. The positions of the mid-ranked odours 
were the most variable, e.g. orange odour position ranged from top position in Pp06 to 
bottom in PpOl and resided in the lower half of the rank in the remainder of the bats.
Letter of 26/6/92 to author regarding interpretation of statistical analyses.
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Tab. 6.7 (facing page) Performance of P. poliocephalus in odour preference 
experiments showing all odour combinations for each of five decision 
variables*.
(* Each paired comparison per bat was scored as follows:- score + 1 for clear preference 
column >- row, or column ■< row; 0.5 for any of either a tie, no preference/ indifference or a 
control choice; values for each odour combination represent totals for six bats tested; 28 
odour combinations = 168 trials; HDR variable used in species comparisons is highlighted 
in red)
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F R E Q . M a n . Ban . Ora. P e a . P a p . E tO H A p p . P a s . T o ta l
M a n . 3.0 5.0 3.5 3.0 4.0 4.5 2.5 2 5 . 5
B an . 3.0 ■ 2.5 2.5 3.5 4.5 4.0 5.0 2 5 . 0
Ora. 1.0 3.5 ■ 2.5 4.5 2.5 4.0 4.0 2 2 . 0
P e a . 2.5 3.5 3.5 m m 1.5 3.0 2.0 5.5 2 1 . 5
P a p . 3.0 2.5 1.5 4.5 3.5 4.0 2.0 2 1 . 0
Et O H 2.0 1.5 3.5 3.0 2.5 ■ ■ I 3.0 4.0 1 9 . 5
A p p . 1.5 2.0 2.0 4.0 2.0 3.0 1 8 . 5
P a s . 3.5 1.0 2.0 0.5 4.0 2.0 2.0 1 5 . 0
T o ta l 1 6 . 5 1 7 . 0 2 0 . 0 2 0 . 5 2 1 . 0 2 2 . 5 2 3 . 5 2 7 . 0 1 6 8 . 0
D U R . Ban . M a n . P e a . Ora. P a p . A p p . E tO H P a s . T o ta l
B an . 3.0 3.0 3.0 4.0 4.5 5.5 5.5 2 8 . 5
M a n . 3.0 mm 3.5 5.5 3.0 5.0 5.0 3.5 2 8 . 5
P e a . 3.0 2.5 m m 2.5 1.5 3.0 4.5 5.5 2 2 . 5
Ora. 3.0 0.5 3.5 4.5 4.0 2.5 4.0 2 2 . 0
P a p . 2.0 3.0 4.5 1.5 3.5 3.5 3.0 2 1 . 0
A p p . 1.5 1.0 3.0 2.0 2.5 MBS 3.5 3.0 1 6 . 5
Et O H 0.5 1.0 1.5 3.5 2.5 2.5 IPMi'v 4.0 1 5 . 5
P a s . 0.5 2.5 0.5 2.0 3.0 3.0 2.0 m n i 1 3 . 5
T o t a l 1 3 . 5 1 3 . 5 1 9 . 5 2 0 . 0 2 1 . 0 2 5 . 5 2 6 . 5 2 8 . 5 1 6 8 . 0
B an . M a n . P e a . E t O H Ora. P a p . P a s . A p p . T o ta l
B an . 3.0 4.0 5.0 3.5 5.0 3.5 5.5 2 9 . 5
M a n . 3.0 H H B 3.5 4.0 5.5 3.0 2.5 5.5 2 7 . 0
P e a . 2.0 2.5 M W R 1.5 4.5 1.5 5.5 4.0 2 1 . 5
E tO H 1.0 2.0 4.5 3.5 2.5 4.0 2.5 2 0 . 0
Ora . 2.5 0.5 1.5 2.5 warn 5.5 3.0 3.5 1 9 . 5
P a p . 1.0 3.0 4.5 3.5 0.5 3.0 3.5 1 9 . 0
P a s . 2.5 3.5 0.5 2.0 3.0 3.0 2.0 1 6 . 5
A p p . 0.5 0.5 2.0 3.5 2.5 2.5 4.0 1 5 . 0
T o t a l 1 2 . 5 1 5 . 0 2 0 . 5 2 2 . 0 2 2 . 5 2 3 . 0 2 5 . 5 2 7 . 0 1 6 8 . 0
O R D E R P e a . Ban . P a p . M a n . Ora. Et O H A p p . P a s . T o t a l
P e a . 5.0 3.5 2.5 2.5 3.5 3.0 5.5 2 5 . 5
B an . 1.0 2.0 4.0 3.0 4.5 5.5 4.5 2 4 . 5
P a p . 2.5 4.0 ‘mmm. 4.0 3.5 4.5 3.5 2.0 2 4 . 0
M a n . 3.5 2.0 2.0 W  4.5 2.0 4.0 3.5 2 1 . 5
Ora. 3.5 3.0 2.5 1.5 m m 3.5 4.0 2.0 2 0 . 0
E tO H 2.5 1.5 1.5 4.0 2.5 m m 2.5 5.0 1 9 . 5
A p p . 3.0 0.5 2.5 2.0 2.0 3.5 4.0 1 7 . 5
P a s . 0.5 1.5 4.0 2.5 4.0 1.0 2.0 ■ M S 1 5 . 5
T o t a l 1 6 . 5 1 7 . 5 1 8 . 0 2 0 . 5 2 2 . 0 2 2 . 5 2 4 . 5 2 6 . 5 1 6 8 . 0
S E Q . B a n. P a p . M a n . A p p . P e a . Ora. E t O H P a s . T o t a l
B an . 3.5 2.5 4.0 3.5 3.5 3.5 3.5 2 4 . 0
P a p . 2.5 3.0 3.0 4.0 3.0 4.5 3.0 2 3 . 0
M a n . 3.5 3.0 3.0 3.5 3.0 3.0 3.0 2 2 . 0
A p p . 2.0 3.0 3.0 2.5 3.5 3.5 4.0 2 1 . 5
P e a . 2.5 2.0 2.5 3.5 | 3.5 3.0 3.5 2 0 . 5
Ora. 2.5 3.0 3.0 2.5 2.5 mm 3.0 3.5 2 0 . 0
E tO H 2.5 1.5 3.0 2.5 3.0 3.0 warn 4.0 1 9 . 5
P a s . 2.5 3.0 3.0 2.0 2.5 2.5 2.0 1 7 . 5
T o ta l 1 8 . 0 1 9 . 0 2 0 . 0 2 0 . 5 2 1 . 5 2 2 . 0 2 2 . 5 2 4 . 5 1 6 8 . 0
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Tab. 6.8 Individual P. poliocephalus odour preference ranks (HDR decision
variable) after paired comparisons (n=168) under controlled conditions.
PpOl Pp02 Pp03 Pp04 Pp05 Pp()6
Et Ba Ba=Ma Pe Ma Or
Ma Ma or Ba Ba Ba=Pa
Ba=Ap Pe=Et Pa=Ps Ma Pa Pe
Pe Pa=Ap=Ps Pe=Et Or=Et Et=Ap Et=Ps=Ap
Or=Pa=Ps Or Ap Pa=Ap=I3s Pe=Or=Ps Ma
1.0 -i -  Ban.
0.17
0.8 - -  Man.
o
c
S3
2 0.6 -
0.38
so
•3
• mm
<u
—
0.4 -  
0.2 -
0.10
0.04 “ 
0.03 2
0.17
-  Pea.
_ EtOH
-  Ora.
“ Pap.
0.0 -
0.10
-  Pas. 
L App.
Fig. 6.4 Proximity scale for P. poliocephalus using summed HDR data* (n = 152 
distinct returns from 168 trials) indicating preference rank for fruit-derived 
odours.
(* rank total scores in Tab. 6.7 converted to a 0 - 1 scale to enable bat species 
comparisons)
Tab. 6.9 Comparison of preference ranks for individual P. poliocephalus using 
Kendall's coefficient of agreement (u)*
Measure u X2 df P Landau
Index
Freq. -0.04 45 53 0.75<p<0.90 0.17
Dur. +0.03 58 53 0.50<p<0.75 0.42
HDR +0.05 64 53 0.10<p<0.25 0.54
Order - 0.01 51 53 0.25<p<0.75 0.24
Seq. - 0.16 20 53 p<0.995 0.38
(* 152 distinct returns from 168 trials; u-value range -0.2 [no agreement] to +1.0 (complete agreement];. 
All p values taken from Owen [ 1962]; HDR measure used in species comparisons is highlighted in red)
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For P. poliocephalus under controlled conditions it was also possible to calculate the 
preference probability (Bradley & Terry 1952; van der Meer 1992) or represent the 
preference strength, from the distance between two odours on the linear scale (Fig. 6.5). 
These patterns indicated that P. poliocephalus preferences for odours were not evenly 
weighted. Odours pairs such as apple-banana and banana-passionfruit were most often 
clearly discriminated by the bats (intervals 1.0 and 0.90 respectively), when compared to 
pairs such as ethanol-orange and orange-papaya (0.035 and 0.034 respectively).
Positive responses of the bats to ethanol provided confirmation of an 'ethanol effect' 
where the bats were responding to ethanol more strongly than fruit odours such as 
orange, passionfruit, papaya and apple, although the decision distance was small enough 
to allow for a high probability of preference reversals.
(b) Linearity and Transitivity
Further investigations of the dynamics of the odour preferences in P. poliocephalus 
revealed low value Landau indices (L) ranging from 0.17 (Frequency measure) to 0.54 
(F1DR measure)(Tab. 6.9). Analysis of the frequency of occurrence of preference 
reversals in the form of intransitive circular triads indicated that, with the exception of Bat 
Pp03, their occurrence was significantly non-random (HDR decision measure - Tab. 
6.10). The other decision measures also indicated a clear non-random occurrence of 
intransitive triads (Tab. 6.10). On all occasions (except Pp03 [HDR]; Pp02 
[Frequency]; and Pp06 [Order]), the observed number of circular triads exceeded that 
calculated at the 5% level of significance according to the procedure outlined in 
Fig. A.6.1 (Ward 1992).
From 142 completed paired comparisons (168 trials minus those comparisons where a 
definite preference was not indicated) the expected number of 20 triads should have 
occurred randomly (p = 0.05; using the incomplete polygon method of Ward 1992) 
across bats. A total of 43 circular triads were observed, involving 129 odour pairs with a 
mean frequency of occurrence of 4.6 ± 1.9 (SD, n = 129), as opposed to an expected 60 
pairs. More detailed analysis of the patterns of odour preference intransitivity in 
P. poliocephalus revealed the appearance of particular odour pairs in association with 
circular triads (Tab. 6.10). With 28 odour combinations and 129 odour pairs identified 
with circular triads, if all the odour pairs were equally weighted then an expected 
frequency of 4.6 occurrences per odour pair should have been observed. Although this 
corresponded to the mean occurrence, only the first five odour pairs (Tab. 6.11- shaded 
area) were reported with a significantly higher frequency of occurrence than that expected 
(X2 = 10.478, 4df, p<0.05). Of these five pairs, orange odour mixture was involved in 
four of them.
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App/Ban
App/EtOH
App/Man
App/Ora
App/Pap
App/Pas
App/Pea
Ban/EtOH
Ban/Man
Ban/Ora
Ban/Pas
Ban/Pea
EtOH/Man
EtOH/Ora
EtOH/Pas
EtOH/Pea
Man/Pas
Man/Pea
Ora/Man
Ora/Pas
Ora/Pea
Pap/Ban
Pap/EtOH
PapMan
Pap/Ora
Pap/Pas
Pap/Pea
Pea/Pas
Fig. 6.5 Preference strengths* expressed by adult male P. poliocephalus (n = 6) for 28 
pairs of odour stimuli tested under controlled conditions.
(* Based on interval sizes from proximity scale using HDR decision measure, with 
maximum decision distance of 10 units [Fig. 6.4])
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Tab. 6.10  Analysis of preference intransitivity in adult male P. poliocephalus , (n=6) 
for four decision measures, from 168 paired comparisons of odour stimuli 
under controlled conditions.
Bat No. Ties Theoretical 
(5% level) 
No. triads*
Observed 
No. triads'"
Conclusion
FREQ.
PpOl 7 1 5 non-random
Pp02 17 <1 0 random
Pp03 3 4 7 non-random
Pp04 4 3 7 non-random
Pp05 10 1 4 non-random
Pp06 8 1 1 random
DUR
PpOl 5 2 7 non-random
Pp02 11 <1 1 non-random
Pp03 1 6 2 random
Pp04 2 5 13 non-random
Pp05 2 5 9 non-random
Pp06 4 7 7 random
HDR
PpOl 6 1 12 non-random
Pp02 11 0 1 non-random
Pp03 1 6 4 random
Pp04 2 5 9 non-random
Pp05 2 5 10 non-random
Pp06 4 3 7 non-random
ORDER
PpOl 5 2 7 non-random
Pp02 11 0 1 non-random
Pp03 1 6 8 non-random
Pp04 2 5 13 non-random
Pp05 2 5 12 non-random
Pp06 4 3 5 non-random
(* Calculated using the application "bats" © Dr M. Ward, Dept of Mathematics, ANU; t  Using the 
procedure outlined in Txt. A.6.2; HDR measure used for species comparisons highlighted in red).
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Tab. 6.11 Frequency of occurrence of odour pairs in trials where circular triads were 
reported for adult male P. poliocephalus  tested under controlled 
conditions1".
Odour pair Observed 
# odour 
pairs
Relative
score*
Orange/Mango 9 6.9
Papaya/Orange* 8 6.2
Orange/Peach* 7 4.8
Ethanol/Orange* 7 4.8
Apple/Peach 7 4.8
Mango/Passionfruit 6 4.7
Apple/Orange 6 4.7
Papaya/Mango 5 3.9
Ethanol/Peach^ 5 3.9
Banana/Passionfruit 5 3.9
Banana/Orange 5 3.9
Apple/Passionfruit 5 3.9
Apple/Papaya 5 3.9
Papaya/Peach^ 4 3.1
Papaya/Passionfruit 4 3.1
Papaya/Banana 4 3.1
Orange/Passionfruit 4 3.1
Ethanol/Passionfruit 4 3.1
Banana/Peach 4 3.1
Banana/Ethanol 4 3.1
Apple/Mango 4 3.1
Apple/Ethanol 4 3.1
Banana/Mango 3 2.3
Apple/Banana 3 2.3
Peach/Passionfruit 2 1.6
Papaya/EthanoP 2 1.6
Ethanol/Mango 2 1.6
Mango/Peach 1 0.8
(t HDR decision measure; * number of times in which the odour pair appeared in a circular triad as % 
total number of triads observed i.e 43 circular triads in 168 trials; $ odour pairs present in cluster of low 
intervals values in Fig. 6.4; dotted horizontal line indicates the mean number of pairs observed, thick 
solid lines show ±1 std. dev. from mean; shaded area shows odour pairs occurring with significantly 
higher frequencies than expected if inconsistencies were acquired randomly).
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The peach-ethanol-orange-papaya odour cluster on the interval scale dominated those 
odours appearing in the top 5 pairs in Tab. 6.11, with 7 out of 10 odours originating 
from the cluster. Orange-papaya (0.034), orange-ethanol (0.035) and orange-peach 
(0.14), were all present in the cluster with low interval values and high incidence in 
circular triads. The correlation between decision distance and frequency of appearance in 
stimulus circular triads (SCT), for the top 5 pairs was non-significant (p = 0.285, N = 6, 
p>0.05; Spearman's test for tied ranks). This was adversely influenced by the atypical 
appearance of orange-mango (interval = 0.52) as the most frequent odour pair in circular 
triads.
6.1 .4  Discussion
6.1 .4 .1  Odour Stimulus Detection
From the outset it is necessary for the purposes of this discussion to accept the underlying 
assumption in the approach paradigm, that is, that a positively preferred odour will elicit a 
marked approach behaviour in the test animal (Doty 1975). The approach paradigm has 
been the most commonly used odour preference test situation to investigate olfactory 
discrimination abilities of many animals (Doty 1975), including bats (Gaudet 1988; 
Laska 1989, 1990a). As this method allowed for simultaneous testing of odours and did 
not demand training or behaviour shaping procedures to produce the desired behaviour, it 
was considered the most appropriate methodology in this study. This arrangement 
therefore concurred with the suggestions of Bell (1982) and Gaudet (1988) that more 
experiments should be designed to assess spontaneous preferences in bats without 
training.
The results of most dichotomous preference experiments are usually tested against the 
null hypothesis of random choice (van der Meer 1992; Martin & Bateson 1993). This 
was adopted as in the preliminary trials (Chapter 5) to give the clearest indication of 
whether individual bats were being influenced in their response behaviour by the presence 
of an odour stimulus. The preference chamber (Figs. 3.2; A.3.1) was essentially a 
three-way chamber allowing for two odour stimuli and a blank compartment (all 
conditions as for other stimulus compartments but with the omission of the odour 
distillate) as a control.
There were no uncontrolled "unknown cues"31 in the experimental procedure. All of 
temperature, humidity, air flow, light intensity, daylength, visual cues, pre-exposure to 
test odours and diet were tightly controlled. The only factor allowed to vary was the 
presence or absence of an odour stimulus. The presence of test odour stimuli in the 
preference chamber had a significant effect on the bats' approach behaviour. That 
P. poliocephalus had a non-random pattern of visitation in the presence of test odour 
stimuli was an indirect but definite indication that the bats were detecting the odours and 
responding to them. If there had been no detection, (or no response to a detected odour), 
then one would have expected a random pattern of visitation. This was not the case.
p. 9, line 27 of Dr L Martin's report on PhD thesis of A C Oldfield - August 1995.
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These results indicate for the first time in a non-echolocating Megachiropteran, that these 
bats are (i) able to detect and (ii) respond to, fruit derived odours under controlled 
conditions. The composite HDR measure appeared to be the most reliable as indicated in 
the preliminary studies and supported the view held by Martin and Bateson (1993) that 
composite measures are more sensitive and eliminated redundancy in behavioural 
analyses. Frequency and duration measures alone produced a greater potential for 
ambiguity in interpretation of approach behaviours (Tab. 6.4). These are generally the 
most commonly used measures in describing behaviour, but can give different and 
complementary pictures of the behaviour of the animal under investigation (Martin & 
Bateson 1993). Empirical studies where both measures have been used on the same 
behaviour have concluded that they are not always correlated (Dunbar 1976; Rhine & 
Linville 1980).
In the context of the present study, the duration measures described the continuation of 
the olfactory investigation in P. poliocephalus , the initiation of which was described by 
the frequency data. Thus, with the P. poliocephalus preferences it was wise to record 
both and incorporate aspects of each measure into the hierarchical decision rule upon 
which most of the interpretations were based. Previous studies of bat olfactory behaviour 
have utilised a variety of measures for determination of response. Mann (1951) used 
approach frequency to study the locational abilities of Phyllostomus hastatus, as did 
Bhatnagar (1972) for Artibeus jamaicensis, as well as Wolff (1981) and Laska and 
Schmidt (1986) for Carollia perspicillata. Studies on Rousettus aegyptiacus used 
frequency and changes in flight behaviour to indicate preference (Möhres & Kulzer 
1956). The only other study on P. poliocephalus concentrated on visit duration to 
determine food preference (MacDonald 1991), although olfaction was not isolated and 
specifically investigated. She worked on the premise that bats spent more time with a 
preferred food item than with a less preferred item. A component of the difference in 
durations however, could have arisen due to variations in food handling times of the 
different food types used as stimuli, which has been observed in P. rodricensis (Oldfield 
- in prep.).
With just olfactory stimulus responses it did appear that in this study the bats were 
spending more time in total activity associated with chamber containing odour stimuli, but 
once the stimulus compartment had been entered then the bats were less inclined to dwell 
there. Individual P. poliocephalus were often observed spending prolonged periods of 
AI behaviours prior to entry to collect a food reward, which indicated that perhaps the 
point at which a decision was made regarding the importance of the odour stimulus was at 
the compartment entrance and not directly above the diffusion surface. Further detailed 
studies to determine optimal decision distances for this species are therefore indicated.
The effect of compartment 1 however is one that deserves further attention. Despite there 
being an over-representation of the control condition in this compartment, the allowance 
for this in the calculation of expected values in the analyses (Tab. 6.6) did not change the 
conclusion that a compartment 1 effect was present. Such occurrences are not uncommon 
in behavioural experiments (Coombs 1958b) and hence specific methods have been 
developed to reduce errors associated with unbalanced trials distributions (Fellows 1967). 
The size of this 'compartment 1 effect' could not be calculated directly. However, the 
effect was unlikely to have changed the conclusion regarding the non-random behaviour
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pattem, due to the very high significance level calculated for the odour versus non-odour 
comparison (p<0.001)(R. Cunningham - pers. comm.32 ). Position preferences are a 
common feature of the presolution discrimination behaviour of many animals (Gellerman 
1933; Reese 1964; Fellows 1967). The approach paradigm adopted here is perhaps the 
methodology which is most susceptible to the acquisition of position preferences (Doty 
1971). Such behaviour is apparently more pronounced in males (Barnett & Spencer 
1953; Doty 1971) although none of the preference studies on bats (Laska 1990; 
MacDonald 1991) have revealed such patterns.
A possibility of the 'Hawthorne effect' (i.e. the induction of changes in behaviour as a 
result of attention paid to the animal by the experimenter)(Sprinthall 1982) was reduced 
by the experimenter (i) restricting handling of the bats to those occasions where it was 
absolutely necessary, such as weighing and transfer to and from cages, and (ii) remaining 
out of direct line of sight of the bat during a trial. Therefore the cause of preference bias 
towards compartment 1 was unlikely to be of experimenter origin. The most likely 
explanation for the position preference towards compartment 1 is related to the 
arrangement of home cage and experiment rooms. Initially, the door joining the two 
rooms was closed whilst trials were in progress and the experimenter sat in the room 
behind the transfer box in order to make direct observations. This arrangement was 
unsuccessful as it resulted in the bats failing to complete any search behaviour within the 
preference chamber. It soon became apparent that the bats were distressed as a result of 
them being unable to see or hear their conspecifics in the home cage room. The 
connecting door was therefore removed and the trials run with the experimenter situated 
in the other room (Fig. 3.1). Under the modified test conditions the bats were 
uninhibited in their search behaviour within the preference chamber. The compartment 1 
effect however could have resulted from the bats, on some occasions, entering the 
compartment closest to the door as it allowed them to see their conspecifics in the home 
cage.
The end result of this first set of trials was a compromise between running the trials under 
ideal conditions and gaining little data, or accepting the limitations of the modification and 
interpreting the data in the full knowledge of the compartment 1 effect. Alternative 
measures, were tried, such as the use of video recording of the behaviour to eliminate the 
presence of the experimenter. In agreement with Martin & Bateson (1986) it was 
concluded that this was not as good as direct observation.
6. 1 . 4 . 2  Preference Patterns and Discrimination
P. poliocephalus demonstrated some plasticity in response to odours which might have 
been contextual as evidenced from analyses of the composition of preference ranks. It 
would indeed have been surprising to have observed no changes in order of preferences 
across bats. The range for values of 'u' for six bats extends from -0.2 (no agreement) to 
+ 1.0 (complete agreement) (Kendall 1970). Intermediate values are not directly 
proportional to the strength of the agreement (i.e a value of +0.4 would not indicate the 
halfway point between the two extremes) since the distribution of u-values is skewed to 
the right under normal preference ranking conditions. This means that the agreement of
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-1-0.05 across individual P. poliocephalus was important (although statistically non­
significant) because it showed that the bats were relatively consistent in their patterns of 
preference. Individual differences were likely to have been related to position switching 
in the mid-region of the ranks, possibly due to difficulty in discriminating between two 
odour alternatives which are perceived as similar. In addition, although the coefficient of 
agreement, u, is more robust than the more often used coefficient of consistence, £,, in the 
presence of inconsistencies in the ranks (Coombs 1958b), it performs less well when ties 
in ranks are present. It has been suggested that when ties occur in a set of data then that 
data should not be ranked (Boyd & Silk 1983; van der Meer 1992). These authors 
however, failed to acknowledge that ties within a rank marginally affects the linearity of 
the rank but this in itself should not preclude the rank itself.
The intervals between the odours in the rank for total bats do change and this is 
significant in terms of the stability of the preferences. In general for proximity matrices 
the probability of a change in rank position is greater between elements that are close 
together on the rank (Coombs 1967; Coombs et al. 1970). This has been applied to 
studies of dominance in social animals where a similar measure has been used to indicate 
the probability of a change in status of individuals within a group (Boyd & Silk 1983). 
With dominance ranks applied to studies of social behaviour, the constituent members of 
the rank are not independent. The individual odours are, however, independent because 
each trial was free of influence from others due to the inter-trial purging eliminating (or 
reducing significantly) the residual effects of any odours left in the preference chamber 
either from the test distillates or from bat secretions.
The distance between odours in the rank is correlated with the probability of a switch in 
the position of that odour within the rank. In effect it is a measure of the strength of the 
preference between the two odours on the rank in terms of the probability of choosing 
between either alternative in the pair being compared in the rank (Rachlin 1989). The 
odours papaya-orange-ethanol (intervals = 0.034 and 0.035 respectively) are more likely 
to change positions in the rank than are odours banana-mango-peach (intervals = 0.18 
and 0.38). Therefore it is possible to quantify the probability of a switch in preference 
according to the distance between elements in the rank (Coombs et al. 1970).
The apparent uneven weighting of the odour preferences in P. poliocephalus indicates 
plasticity of behaviour in that the responses to odour were not absolute for a particular 
odour type or paired comparison. The evidence suggested that interaction between the 
odours was important rather than the absolute value of each odour in itself. Rather than 
basing a decision on absolute value of each option it is possible that the bats "weighed the 
alternatives" before a decision for action was made. However, in order to evaluate the 
worth of the different options, an animal must be able to clearly discriminate between the 
options presented (Rachlin 1989). Odour pairs with a low interval value on the decision 
axis and hence a low decision weighting were likely to have been those which 
P. poliocephalus had difficulty in discriminating between the essential odour signatures 
of the mixtures.
A change in emphasis from absolute preference (where threshold for detection or decision 
has no variance) to one where the "decision threshold" is variable depending on context, 
is the essence of partial preference (Krebs & McCleery 1984; Stephens 1985). Adopting
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a strategy of partial selection or preference is logical for an animal such as 
P. poliocephalus known to have a wide dietary range and to forage often in habitats 
where the availability of food resources is unpredictable (Dobat & Peikert-Holle 1985; 
Parry-Jones 1987, 1990; Eby 1991a; Parry-Jones & Augee 1991). Eby (1991b) alluded 
to the lack of understanding of how P. poliocephalus locate unpredictable food resources, 
however the possession of partial preferences in P.poliocephalus would enable it to utilise 
its sense of smell according to the conditions of food availability and not be restricted to a 
predetermined set of preferences which were essentially inflexible. This evidence for 
partial preference for odours is the first indication that P. poliocephalus has the capacity to 
modify its sensory choice behaviour in order to assist in the location of other, less 
preferred, food sources.
Demonstrating that an animal has the capacity to undertake a particular behaviour 
however, does not mean that it actually does so, nonetheless this is an important first step 
in uncovering the mechanism of food location and choice in this species. Evidence for 
such partial preferences has been reported for food choice in Pteropus dasymallus 
(Funakoshi et al. 1993). These authors indicated that under adverse conditions the bats 
will switch their preferences to presumably less preferred items, such that ecological 
constraints outweighed the innate preferences of the bats. Similarly P. poliocephalus 
feed on resources that are spatially and temporally variable and consequently difficult to 
predict. If this species does depend on olfactory cues in the field in locating resource 
patches, then partial preferences would indeed be a valuable aid to improve foraging 
efficiency. Field investigations in this species are therefore warranted.
The model of a highly flexible system of odour selection and discrimination was further 
supported by the Landau indices and analyses of preference intransitivity. Linearity and 
transitivity are fundamental structural properties of ranks and are intimately related (Boyd 
& Silk 1983). A completely linear rank is one with only transitive triads (Martin & 
Bateson 1993; Nelissen 1986; Suraska 1986), and as the P. poliocephalus L-values were 
<0.9 they were therefore classified as weak (ranks)(Chase 1974). This indicated that 
even on the most reliable measure the ranks were non-linear, which probably arose from 
the relatively high incidence of ties and position switching in the rank mid-region as 
previously discussed. In general, the deviation from linearity in any dominance rank 
increases when the number of ties increases and decreases with increasing number of 
elements in the rank (Nelissen 1986). It has been suggested that for a rank with less than 
six elements the probability of producing a strong linear relationship is non-significant 
(Appleby 1983). Therefore with only six bats in the trials comparing eight elements 
(odour stimuli) expectation of significant linearity was marginal at best.
When preference studies are carried out which impose a >- b or a -< b as the only options 
in the interpretation of the choice behaviour, then transitivity is enforced on the behaviour 
which may or may not be the case (French 1986). It could be argued that the design used 
in this study, where the option of reporting indifferences or ties in the preference trials, 
increased the probability of non-linearity and intransitivity. However, wild 
P. poliocephalus have to deal with indecision and changing demands on preference due 
to variability in food resource as do many other foragers (Krebs & Davies 1981). 
Therefore it was essential to incorporate indifference into the experimental design. 
MacDonald's study of food preference in P. poliocephalus reported that the bats were
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consistent in their choices, yet she also alluded to inconsistencies where bats completely 
reversed the direction of their preference in separate trials (MacDonald 1991). 
Unfortunately, no attempt was made to address these contradictions or indeed relate them 
to the observed patterns of feeding behaviour reported in other studies.
In terms of preferences for food odours, P. poliocephalus under the controlled conditions 
of this study indicated that preferences existed which were not yet stable throughout the 
complete rank (low L values), but showed signs of stability at the upper and lower 
extremes of the rank across individuals (Tab. 6.8). The stability related to the proximity 
of the individual odours on the rank as previously mentioned. Coombs (1958a) 
discussed intransitivity as a function of the psychological distance (in the present context, 
decision distance, Fig. 6.4). Colour preference experiments often revealed that circular 
triad intransitivity was greater for similar sets of colours than for colours more widely 
separated (Hendel 1977). For these P. poliocephalus trials, it was not possible nor 
necessary to distinguish between preference and discrimination. As Irwin (1958) first 
stated that "Preference is exactly as fundamental as discrimination...the two are so 
intimately related in behaviour that if an organism exhibits a discrimination, it must also 
exhibit a preference, and conversely".
Separation of odours on a proximity matrix (Fig. 6.4) could therefore be considered as a 
function of the discriminability of the odour stimuli (Coombs et al. 1970). Rankings that 
express the same preference order tend to occur with the same probability (Yellott 1980), 
but for animals with varying preferences the probabilities between elements in the rank 
are variable. A large separation predicted a high probability of discrimination and a small 
separation a low probability of successful discrimination between the two odours. Van 
der Meer (1992) indicated that in such cases, the ranks were not merely ordinal values but 
that the absolute difference between them defined how the partial preference would be 
when two stimulus items were offered simultaneously. Expressing the P. poliocephalus 
odour preferences on cardinal ranks was therefore more informative than ordinal 
representation, as valuable information on the relative amount of preference for the odour 
stimuli was available in addition to preference order. The weakness in the odour 
preference rank as indicated by low L-values probably originated from the partial 
preferences in the mid-region of the rank associated with peach, ethanol, orange and 
papaya odours, as previously mentioned.
Partial preference implies comparative evaluation of odour alternatives, which is further 
supported by the circular triads analyses. The most parsimonious interpretation of the 
occurrence of circular triads in a set of preferences is that the animal has chosen between 
stimuli that were not meaningfully different. This has been suggested to be indicative of a 
search mechanism where the worth of options are not evaluated independently of each 
other (Coombs et al. 1970; Tinsley et al. 1984; Rachlin 1989; Shafir 1994). Instead an 
individual stimulus is compared not only against a neutral option (control) but also against 
the value of other stimuli before a choice is made and a preference indicated via an end­
point behaviour (Rachlin 1989). The resulting set of P. poliocephalus preferences for 
fruit odours, complicated by the presence of inconsistencies implied that the bats were 
most likely to have been undertaking a comparative evaluation of the odours prior to 
selection, in a similar manner to that described for honey bees when selecting foraging 
options (Shafir 1994).
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The total circular triad (TCT) score (43 triads = 129 odour stimuli), although evidence of 
the existence of a directed comparative evaluation of odours did not address the 
possibility that certain odour combinations were more widespread in circular triads than 
were others. Slater (1961) suggested that some types of circular triads do indeed receive 
more weight than others, therefore the TCT was subdivided in a similar manner to that 
adopted by Hendel (1977), to investigate the possible differential influences of odour 
pairs and other triads. Hendel look specifically at stimulus circular triad scores (SCT) i.e. 
the number of times each of the stimulus objects appeared in a circular triad, in the present 
case, fruit odours. Orange odour by virtue of its high incidence in the odour pairs 
involved in circular triads, is implicated in the confounding of pair comparisons and 
making the discrimination by the bats more difficult.
It therefore appears that on the basis of decision distance on a preference interval scale it 
is possible to estimate the probability with which P. poliocephalus can discriminate 
between odours. There is also a need to examine SCT patterns in order to determine 
additional odour pairs which the bats find difficult to separate on the basis of odour. In 
this sense, P. poliocephalus hardly differs in its preference behaviour from many other 
mammals previously investigated.
6 .2  Experiments 2 and 3: P. scapulatus and P. alecto Preference Trials 
6.2.1 Introduction
P. poliocephalus is similar in many ways to other Australian pteropodids in that they are 
subjected to often large variations in availability of food resources. They hence have to 
be adaptable in their selectivity to food types and the attention paid to food visual and 
chemosensory cues via their sensory detection systems. The trials with P. poliocephalus 
were successful in establishing that they were indeed able to detect odours and had 
differential preferences to odours. There was a need however to improve on some of the 
inadequacies of the design in order to overcome the possibility of any position 
preferences becoming significant and to improve on the balance of the odour stimuli 
presentation.
Two other Pteropus species, P. scapulatus and P. alecto (Chapter 2, Sec. 2.3.1) similarly 
appear to partake of a relatively wide range of food types. P. scapulatus is more reliant 
on floral sources for food and in northern Australia has often been reported to be among 
the first foragers to take advantage of peak nectar flows in mass flowering species 
(Clemson 1985). In the Northern Territory (NT) of Australia these two species are 
common pollinators in lowland forests, often active in and around highly scented trees 
(McCoy 1990). In addition, both have apparently become an increasing problem 
regarding their feeding on commercial fruits in eastern Australia (Parry-Jones & Martin 
1987) and the NT in recent years (Lim et al. 1993). P. scapulatus will often enter 
plantations to feed on the nectar from the banana flowers and in so doing cause damage 
by climbing over the fruits in order to reach the flowers (Palmer 1987). In the NT, when 
compared to other winged vertebrate pests over all fruit types, P. alecto had the highest 
Pest Status Index (PSI) (47.14) compared to Rainbow lorikeet (29.64), P. scapulatus 
(25.5) and Sulphur Crested Cockatoo (22.14).
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There is some anecdotal evidence that P. scapulatus and P. alecto may have a 
predisposition to selectivity of fruit odours, particularly those associated with ripening. 
Such is the need for some clues regarding the ability of these species to discriminate 
between food types on the basis of odour. These experiments served to provide 
information on the olfactory discriminatory abilities of these two species and extend the 
outcomes from similar observations on P. poliocephcilus.
6.2.2 Materials and Methods
6.2.2.1 Modified Experimental Design
It was considered necessary to modify the original design in order to take into account 
some of the potential confounding effects due to bat position preferences and stimulus 
presentation sequences. The format was maintained as close as possible to the 
P. poliocephcilus trials design, however, the intricacy and detail of the balance was vastly 
increased as a result of the lessons learned regarding what were the pivotal points of the 
data collection. As a result, the orientation of the preference chamber (Fig. 3.1) was 
changed by rotating it through 90° resulting in compartment 1 being in the position 
originally occupied by the transfer box and compartment 2 being the compartment closest 
to the door joining the experiment and home cage rooms. In addition, compartment 2 
was targeted to contain the control stimulus (ie petri dish, filter paper, food reward but no 
test odour) in every trial. Test odour stimuli were therefore always presented in 
compartments 1 and 3. As a side effect from this, it was no longer possible to test 
whether the bats were visiting the control compartment significantly differently from test 
odour compartments. However, the addition of an extra "null choice" stimulus, bringing 
the total number of test stimuli to nine, allowed for comparison of odour versus non­
odour. In effect, the three-way preference chamber was converted to a two-way 
preference chamber in order to eliminate any possible position bias expressed by the bats.
These modifications resulted in 36 pair-wise odour comparisons from nine test stimuli, 
with six bats in the experiment group. The resulting 216 trials (ie 36 combinations of 
odours per animal) were run over thirty-six test days, broken into six rotations of six 
trials per day (Tab. 6.12). Furthermore, the positions of the test odours needed to be 
balanced across the stimulus compartments and, unlike the P. poliocephcilus trials, this 
was possible to do more accurately. Each odour pair comparison appeared in each of the 
two possible polarities for three of the six bats and each odour was compared by any 
individual bat exactly eight times. Accordingly, each bat was presented with any one 
odour to either compartment 1 or compartment 3 four times (Tab. 6.12). In addition, the 
possible bat combinations for individual comparisons were balanced so that no pairs or 
groups of three bats monopolised a set of polarities of a fruit (ref. legend for Tab. 6.13). 
The resulting balance of bats and odour pairs represented a homogenous distribution 
which in the absence of further confounding effects enabled any deviations from random 
behaviour patterns to be identified with much more precision (Tab. 6.13).
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6 .2 .2 .2  Trials Procedure
Test odour stimuli were prepared and presented in an identical manner to that described 
for P. poliocephalus (Sec. 6.1.2.2). All trials were run "blind" as before with the order 
of test stimuli determined according to the modified schedule (Tab. 6.12). Bat handling, 
preference chamber preparation, cleaning and behaviour recording were all carried out 
exactly as described for P. poliocephalus in Sec. 6.1.2.
6.2 .2 .3  Statistical Analyses
As compartment 2 could no longer be considered as a suitable control for the purposes of 
comparing odour versus non-odour preferences, data from the 'null-choice' test odour 
were used. The use of the additional blank as a 'neutral' stimulus so that all test odours 
were paired with it as well as each other is similar to the preference scale technique and an 
important part of the design (Brown & Willner 1983). This new method, applied to the 
P. scapulatus and P. alecto trials, therefore allowed for the separation of any preference 
for compartment 2 from that for the true control, ie test odour blank, which was not 
previously possible. Thus in the P. scapulatus and P. alecto trials only those data where 
all test odours were compared with the null-choice (ie test odour blank), a total of 48 
trials, were used in the normal approximation to the binomial test for determining random 
or non-random preferences. In contrast to the P. poliocephalus data however, visitation 
patterns to the control (blank stimulus) were compared with an expected control 
proportion of 0.50 because of the two-choice condition now imposed (Ferguson 1976). 
This was because the P. scapulatus and P. alecto trials were effectively excluding the 
control stimulus compartment due to the redesign previously described.
The function of the blank stimulus in the original P. poliocephalus trials was primarily to 
test whether or not the bats were choosing non-blank compartments in preference to blank 
compartments. The preference polygon was used to determine hierarchy within the 
odours, therefore in this part of the statistical anayses the blank was not a relevant part of 
the analysis. The P. scapulatus and P. alecto trials however were different in that the 
additional blank (added to address the "compartment 1" bias) was included in the stimulus 
rotation and hence became a node in the preference polygons. Other than these changes, 
the P. scapulatus and P. alecto data were analysed in exactly the same manner as that 
described in Sec. 6.1.2.6.
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Tab. 6.12 (Facing page) Orientations of test odour stimuli for P. scapulatus and 
P. alecto preference trials.
(numbers beneath bat titles refer to those for odour stimuli, 1-9; compartment 2 always 
contained the control [blank] stimulus)
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T r i   ^1 O r i e n t a t i o n Rat  1 Rat  2 Rat  3 Rat  4 Rat  5 Rat  6
1 Compartment 3 2 3 5 3 4 6
Compartment 1 1 4 3 6 5 9
2 Compartment 3 1 6 2 7 2 7
Compartment 1 6 2 4 2 5 5
3 Compartment 3 5 7 3 3 1 4
Compartment 1 8 3 1 9 8 7
4 Compartment 3 8 4 5 9 8 1
Compartment 1 9 6 9 7 6 7
5 Compartment 3 6 7 7 1 3 5
Compartment 1 5 8 6 4 2 1
6 Compartment 3 9 1 9 3 8 4
Compartment 1 4 9 2 8 2 8
7 Compartment 3 3 3 6 4 6 2
Compartment 1 4 5 3 5 9 1
8 Compartment 3 6 2 2 2 7 1
Compartment 1 2 4 7 5 5 6
9 Compartment 3 7 3 3 1 7 5
Compartment 1 3 1 9 8 4 8
10 Compartment 3 4 5 9 6 1 8
Compartment 1 6 9 7 8 7 9
11 Compartment 3 8 6 4 2 5 6
Compartment 1 7 7 1 3 1 5
12 Compartment 3 1 9 3 8 4 9
Compartment 1 9 2 8 2 8 4
13 Compartment 3 3 3 5 9 2 4
Compartment 1 5 6 4 6 1 3
14 Compartment 3 4 7 5 5 6 6
Compartment 1 2 2 2 7 1 2
15 Compartment 3 1 9 8 4 8 3
Compartment 1 3 3 1 7 5 7
16 Compartment 3 9 9 6 7 9 4
Compartment 1 5 7 8 1 8 6
17 Compartment 3 6 4 2 5 5 8
Compartment 1 7 1 3 1 6 7
18 Compartment 3 2 8 8 8 9 9
Compartment 1 9 3 2 4 4 1
19 Compartment 3 6 4 9 1 4 3
Compartment 1 3 5 6 2 3 5
20 Compartment 3 2 2 7 6 2 2
Compartment 1 7 5 5 1 6 4
21 Compartment 3 9 8 4 8 3 3
Compartment 1 3 1 7 5 7 1
22 Compartment 3 7 6 7 9 6 9
Compartment 1 9 8 1 8 4 5
23 Compartment 3 4 2 1 5 7 7
Compartment 1 1 3 5 6 8 6
24 Compartment 3 3 2 8 4 9 2
Compartment 1 8 8 4 9 1 9
25 Compartment 3 5 9 1 3 5 6
Compartment 1 4 6 2 4 3 3
26 Compartment 3 5 5 1 2 4 7
Compartment 1 2 7 6 6 2 2
27 Compartment 3 8 7 8 7 1 9
Compartment 1 1 4 5 3 3 3
28 Compartment 3 8 1 9 6 5 7
Compartment 1 6 7 8 4 9 9
29 Compartment 3 3 1 6 8 6 1
Compartment 1 2 5 5 7 7 4
30 Compartment 3 2 8 4 9 9 8
Compartment 1 8 4 9 1 2 3
31 Compartment 3 6 1 4 5 3 5
Compartment 1 9 2 3 3 6 4
32 Compartment 3 5 6 2 4 2 5
Compartment 1 7 1 6 2 7 2
33 Compartment 3 7 5 3 1 3 1
Compartment 1 4 8 7 3 9 8
34 Compartment 3 7 8 6 9 7 8
Compartment 1 1 9 4 5 9 6
35 Compartment 3 1 5 7 7 1 3
Compartment 1 5 6 8 6 4 2
36 Compartment 3 4 4 1 2 8 2
Compartment 1 8 9 9 9 3 8
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6.2.3 Results
6 .2 .3 .1  Odour vs Non-Odour Responses of P. scapulatus and P. alecto
Analysis of the P. scapulatus summed totals across all six individuals indicated a highly 
significant preference for compartments containing odours over non-odours (Tab. 6.14). 
Both frequency and HDR decision measures produced the most pronounced response 
(pcO.OOOl). Similarly P. alecto totals showed highly significant preferences in favour of 
odour compartments, with all decision measures producing the clearest indication of these 
preferences (p < 0.0001).
Due to the changes made in the experimental design there was no need to undertake a 
separate analysis for position preferences, as the compartment closest the home cage 
room was excluded from stimulus comparisons. It appeared that removal of this 
compartment from the design improved the precision of the preference odour measure. 
This was probably because in the P. poliocephalus trials this decision measure was the 
most sensitive to an over-representation of activity in what was Compartment 1. 
Invariably, bats of all species, upon beginning their search behaviour within the 
preference chamber, would visit this compartment before any other.
The length of time spent inside odour-laden compartments compared to non-odour (blank 
stimuli) for both P. scapulatus and P. alecto , was variable. The often erratic 
P. scapulatus individuals had a mean visit duration of 31.1±2.9s (SE, n=242) in odour 
compartments compared to 54.8±6.9s (SE, n=126) in non-odour compartments. Unlike 
P. poliocephalus, however, this difference was significant (t=4.167, 366 df, p<0.001). 
In contrast, P. alecto expressed a longer mean duration in odour compartments 
(43.6±4.5s; SE, n=113), compared with non-odour compartments (33.7±5.2s; SE, 
n=256). This was similar to P. poliocephalus in that the difference was non-significant 
(t=1.690, 367 df, p>0.05). Hence, in terms of odour search behaviour, 
P. poliocephalus and P. alecto appeared to make decisions with regard to the presence 
or absence of odours within a similar time frame. Conversely, P. scapulatus responded 
rapidly to odour stimuli.
Comparing across species in terms of the residency times in odour compartments, using 
t-tests, P. scapulatus and P. alecto were significantly different (t=2.276, df> 120, 
p<0.05), whereas P. scapulatus/P. poliocephalus and P. poliocephalus/P. alecto mean 
differences were non-significant (t= 1.514, p>0.1; t=0.622, p> 0 .1 respectively). 
Therefore although all species actively select odour compartments in preference to non­
odour, there exits the possibility of important species differences in the way in which the 
bats sample and select odours.
6 .2 .3 .2  Individual Odour Preference Patterns 
(a) Preference Hierarchies
Scores for preferences in all decision variables except behaviour sequences were recorded 
for both species in the same manner as that used for P. poliocephalus. In these data
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however, the addition of an odour blank indicated whether or not the bats were able to 
discriminate between an odour and a null option as opposed to making relative 
judgements between different odour stimuli. Scores in Tabs. 6.15 (P. scapulatus) and 
6.16 {P. alecto) after being converted to a 0 - 1.0 decision scale were represented in an 
identical manner to that for P. poliocephalus in order to allow for direct species 
comparisons.
Both species tested under the modified experimental design expressed the lowest decision 
distances for the blank stimulus (Fig. 6.6). The separation of odour from blank stimulus 
on the decision scale was most pronounced in P. scapulatus where most of the odours 
were tightly grouped on the peach-blank axis. Five odours were involved in preference 
ties within this group, where decision distances did not exceed 0.07. The P. scapulatus 
preferences therefore conformed to a peach-"group"-blank pattem. P. alecto on the other 
hand, produced a pattern of preferences without a distinctive clustering of odours on the 
decision axis compared to P. poliocephalus (Fig. 6.4) or P. scapulatus (Fig. 6.6). The 
mango-blank axis had odours that were more evenly spaced except for ethanol and 
passionfruit which were close to the base of the rank.
Further analysis of P. scapulatus and P. alecto odour preference ranks revealed large 
differences in the levels of agreement across bats within species. The coefficient of 
agreement for P. scapulatus on the F1DR and duration measures were both non­
significant (u= -0.04 and 0.00 respectively) (Tab. 6.17). P. alecto showed significant 
agreement across bats on both frequency and FIDR decision measures (p<0.025 on both 
measures). Their general behaviour indicated that these bats were less excitable than 
P. poliocephalus  and P. scapulatus, and when they initiated searching within the 
chamber they were more deliberate in their coverage of the chamber. Peach odour was 
highly favoured by both species and was consistently in the upper third of individual 
preference ranks for both P. scapulatus and P. alecto. The lowest decision distance for 
P. scapulatus preferences occurred between mango, banana and orange odours (0.02). 
These three odours were revealed, upon further determination of the strengths of 
preferences in dyadic comparisons using two different methods, to have extremely low 
preference strength indices (Fig. 6.7a).
Comparison across P. scapulatus using the HDR decision measure produced a low u- 
value (-0.04), but the Landau's index (0.91) indicated a strong linear rank according to 
the definition of Chase (1974).
(b) Odour Choice Inconsistencies
P. alecto had a relatively high incidence of circular triads (1 triad per 3.06 paired 
comparisons), compared to either P. poliocephalus (1 triad per 3.53 paired comparisons 
or P. scapulatus (1 triad per 3.58 trials). As with P. poliocephalus, P. scapulatus 
(except Ps02) and P. alecto (except Pa03) (Tabs. 6.18 & 6.19 respectively) recorded 
higher incidences of circular triads than expected from random choices, as judged using a 
HDR measure. Particular attention to stimulus circular triads (SCT) in P. scapulatus 
revealed a group of nine odour pairs which appeared with a significantly higher 
frequency (x2 = 31.372, 8df, p<0.001) than the expected mean occurrence (Tab. 6.20).
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Tab. 6.14 Preference chamber responses of P. scapulatus and P. alecto (n = 6 bats 
per species; 48 paired comparisons) to fruit odour distillates under the 
modified design, as measured by four decision variables.
Decision
Parameter
Bat species Distinct
response
Equal
preference
Controls
selected
None Prop, of 
control^
p*
Frequency P. scapulatus 33 1 8 0 0.19 <0.0001
P. alecto 32 7 7 0 0.15 <0.0001
Duration P. scapulatus 30 0 12 0 0.29 0.0028
P. alecto 35 0 11 0 0.24 0.0001
HDR P. scapulatus 31 0 11 0 0.26 0.0011
P. alecto 40 0 6 0 0.13 <0.0001
Pref. P. scapulatus 29 0 13 0 0.31 0.0068
Order
P. alecto 37 0 9 0 0.20 <0.0001
Number of trials where control blank stimulus was selected as a proportion of total returns; * normal 
approximation to binomial test [Fergusen 19761; P- scapulatus = 190 distinct returns from 216 trials; 42 
completed comparisons from maximum of 48; P. alecto = 196 distinct returns from 216 trials; 46 
completed comparisons from maximum of 48; HDR decision variable selected for species comparisons is 
highlighted in red).
W
C
co
-D
Co
*5
■ p i
f i
1.0
0.8 -  
0.6 -  
0.4 -  
0.2 -  
0.0 -
P. scapulatus 
-I- Pea.
0.27
0.07
0.05
0.02
0.60
Pap.
App.=EtOH=Pas.
Man.
Ban.=Ora.
-L- Bla.
0.11
0.24
0.13
0.13
0.09
0.22
0.02
0.07
P. alecto
- -  Man. 
- -  Pea.
Ora.
- -  Ban.
- -  Pap. 
App.
_ _  EtOH 
“ “ Pas. 
-L  Bla.
Fig. 6.6 Proximity scales for P. scapulatus and P. alecto (n = 6, 216 trials for each 
species) using summed HDR response data, to show preference rank and 
decision weighting for fruit odours.
(* rank total scores in Tab. 6.15 and 6.16 converted to a 0 - 1 scale to enable species 
comparisons)
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Tab. 6.15 (Facing page) Performance of P. scapulatus in odour preference 
experiments showing all odour combinations for each of four decision 
variables*.
(* Each paired comparison per bat was scored as follows:- score = 1 for clear preference col. y  row, or 
col. ■< row, 0.5 for any of either a tie, no preference/ indifference or a control choice; Values for each 
odour combination represent totals for six bats tested; 36 odour combinations .*. 216 trials; HDR 
decision measure used for species comparisons is highlighted in red)
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F R E Q . P e a . B an . P a p . Et O H A p p . Ora. P a s . M a n . B la . T o ta l
P e a . 3.5 5.0 4.5 3.5 4.0 3.0 3.5 5.5 3 2 . 5
B a n. 2.5 111 4.5 3.0 3.5 3.5 2.0 4.0 5.0 2 8 . 0
P a p . 1.0 1-5 1 4.0 2.5 4.0 4.5 5.0 4.5 2 7 . 0
E tO H 1.5 3.0 2.0 18*1 3.5 2.0 5.0 4.0 5.0 2 6 . 0
A p p . 2.0 2.5 3.5 2.5 2.0 4.5 4.5 3.0 2 5 . 0
Ora. 3.0 2.5 2.0 4.0 4.0 WM1 2.5 2.0 4.0 2 4 . 0
P a s . 3.0 4.0 1.5 1.5 1.5 3.5 m m 3.5 4.5 2 2 . 5
M a n . 2.5 2.0 1.0 2.0 1.5 4.0 2.5 ^ iipsf 5.5 2 1 . 0
B la . 0.5 1.0 1.5 1.0 3.0 1.0 1.5 0.5 H 1 0 . 0
T o ta l 1 6 . 5 2 0 . 0 2 1 . 0 2 2 . 5 2 3 . 0 2 4 . 0 2 5 . 0 2 7 . 0 3 7 . 0 2 1 6 . 0
D U R . P e a . P a s . M a n . Et O H P a p . B a n . A p p . Ora. B la . T o t a l
P e a . 2.0 3.5 5.5 5.0 3.5 4.5 4.0 5.5 3 3 . 5
P a s . 4.0 3.5 1.0 2.5 5.0 3.5 3.5 4.5 2 7 . 5
M a n . 2.5 2.5 ■ ■ 2.0 3.0 3.0 2.5 4.5 4.5 2 4 . 5
EtO H 0.5 5.0 4.0 S M 2.0 3.0 3.5 2.5 4.0 2 4 . 5
P a p . 1.0 3.0 3.0 4.0 1.5 2.5 4.0 4.5 2 3 . 5
B an . 2.5 1.0 3.0 3.0 4.5 SMBS 3.5 1.0 3.0 2 3 . 0
A p p . 1.5 2.5 3.5 3.0 3.5 2.5 2.0 4.0 2 2 . 5
Ora. 2.0 2.5 1.5 3.5 2.0 3.5 4.0 3.0 2 2 . 0
B la . 0.5 1.5 1.5 2.0 1.5 3.0 2.0 3.0 1 5 . 0
T ota l 1 6 . 5 2 0 . 0 2 3 . 5 2 4 . 0 2 4 . 0 2 5 . 0 2 6 . 0 2 6 . 0 3 3 . 0 2 1 6 . 0
H D R P e a . P a p . A p p . E t O H P a s . M a n . B a n . Ora. B la . T o t a l
P e a . 5.0 4.5 5.5 2.5 3.5 2.5 3.0 6.0 3 2 . 5
P a p . 1.0 2.5 3.0 4.5 5.0 2.5 4.0 4.0 2 6 . 5
A p p . 1.5 3.5 assn 2.5 4.5 3.5 3.5 2.0 4.0 2 5 . 0
EtO H 0.5 3.0 3.5 5.0 4.0 3.0 2.0 4.0 2 5 . 0
P a s . 3.5 1.5 1.5 1.0 3.5 5.0 4.5 4.5 2 5 . 0
M a n . 2.5 1.0 2.5 2.0 2.0 3.0 4.5 6.0 2 4 . 0
B an . 3.5 3.5 2.5 3.0 1.0 3.0 3.5 4.0 2 3 . 5
Ora. 3.0 2.0 4.0 4.0 1.5 1.5 2.0 5.0 2 3 . 5
B l a . 0.0 2.0 2.0 2.0 1.5 0.0 2.0 1 0 1 0 . 0
T o t a l 1 5 . 5 2 1 . 5 2 2 . 0 2 3 . 0 2 3 . 0 2 4 . 0 2 4 . 0 2 4 . 5 3 7 . 5 2 1 6 . 0
O R D E R P e a . A p p . E t O H B an . P a p . M a n . P a s . Ora. B la . T o t a l
P e a . 3.5 4.5 3.5 4.0 3.5 2.0 4.0 4.5 2 9 . 5
A p p . 2.0 1 SSI 3.0 2.5 3.5 4.5 3.5 3.0 4.0 2 6 . 5
EtO H 1.5 3.0 S S » . 3.0 2.0 4.0 5.0 2.0 6.0 2 6 . 5
Ban. 2.5 3.5 3.0 4.5 3.0 1.0 4.5 4.0 2 6 . 0
P a p . 2.0 2.5 4.0 1.5 ■ a n 3.0 4.5 4.0 3.5 2 5 . 0
M a n . 2.5 1.5 2.0 3.0 3.0 2.5
3.5
3.5 5.5 2 3 . 5
P a s . 4.0 2.5 1.0 5.0 1.5 2.5 2.5 2 2 . 5
Ora. 2.0 3.0 4.0 1.5 2.0 2.5 3.5 3.0 2 1 . 5
B la . 1.5 2.0 0.0 2.0 2.5 0.5 3.5 3.0 1 5 . 0
T o ta l 1 8 . 0 2 1 . 0 2 1 . 5 2 2 . 0 2 2 . 5 2 4 . 5 2 5 . 5 2 6 . 5 3 3 . 0 2 1 6 . 0
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Tab. 6.16 (Facing page) Performance of P. alecto in odour preference
experiments showing all odour combinations for each of four decision 
variables*.
(* Each paired comparison per bat was scored as follows:- score = 1 for clear preference col. >- row, or 
col. -< row, 0.5 for any of either a tie, no preference/ indifference or a control choice; Values for each 
odour combination represent totals for six bats tested; 36 odour combinations .\ 216 trials; HDR decision 
measure used for species comparisons is highlighted in red)
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F R E Q . M a n . P e a . Ora. B an . P a p . A p p . E tO H Bl a n k P a s . T o ta l
M a n . 5.5 3.0 3.0 4.0 6.0 5.0 5.0 6.0 3 7 . 5
P e a . 0.5 4.5 6.0 4.0 5.0 5.0 5.5 3.0 3 3 . 5
Ora. 3.0 1.5 1M WmmßmM 3.5 4.5 4.5 5.0 4.0 3.5 2 9 . 5
B an . 3.0 0.0 2.5  m m  4.0 3.0 5.0 3.5 5.0 2 6 . 0
P a p . 2.0 2.0 1.5 2.0 ■ M L 5.0 5.0 4.0 2.5 2 4 . 0
A p p . 0.0 1.0 1.5 3.0 1.0 4.5 5.5 4.5 2 1 . 0
E tO H 1.0 1.0 1.0 1.0 1.0 1.5 5.5 3.5 1 5 . 5
B la nk 1.0 0.5 2.0 2.5 2.0 0.5 0.5 5.5 1 4 . 5
P a s . 0.0 3.0 2.5 1.0 3.5 1.5 2.5 0.5 1 4 . 5
T o t a l 1 0 . 5 1 4 . 5 1 8 . 5 2 2 . 0 2 4 . 0 2 7 . 0 3 2 . 5 3 3 . 5 3 3 . 5 2 1 6 . 0
D U R . M a n . P e a . Ora. B an . A p p . P a p .  E tO H B la nk P a s . T o t a l
M a n . 5.5 2.0 3.0 4.0 3.5 5.0 5.0 6.0 3 4 . 0
P e a . 0.5 3.5 6.0 5.0 4.0 5.0 4.5 3.0 3 1 . 5
Ora. 4.0 2.5 4.5 4.5 5.0 3.0 4.0 3.5 3 1 . 0
B an . 3.0 0.0 1.5 3.0 4.0 5.0 3.5 5.0 2 5 . 0
A p p . 2.0 1.0 1.5 3.0 1.0 4.5 6.0 5.0 2 4 . 0
P a p . 2.5 2.0 1.0 2.0 5.0 5.0 4.0 2.5 2 4 . 0
EtO H 1.0 1.0 3.0 1.0 1.5 1.0 4.5 4.0 1 7 . 0
Bl an k 1.0 1.5 2.0 2.5 0.0 2.0 1.5 5.5 1 6 . 0
P a s . 0.0 3.0 2.5 1.0 1.0 3.5 2.0 0.5 1 3 . 5
T ot a l 1 4 . 0 1 6 . 5 1 7 . 0 2 3 . 0 2 4 . 0 2 4 . 0 3 1 . 0 3 2 . 0 3 4 . 5 2 1 6 . 0
H D R P e a .  Ora .  B a n .  P a p .  A p p .  E t O H  P a s .  B la n k  T o ta l
M a n . 5.5 3.0 3.0 4.5 5.0 5.0 5.0 5.0 3 6 . 0
P e a . 0.5 5.5 6.0 4.0 6.0 5.0 3.0 4.5 3 4 . 5
Ora. 3.0 0.5 m m . 2.5 5.0 4.5 5.0 3.5 5.0 2 9 . 0
Ba n. 3.0 0.0 2.5 4.0 3.0 5.0 5.0 3.5 2 6 . 0
P a p . 1.5 2.0 1.0 2.0 5.0 5.0 2.5 4.0 2 3 . 0
A p p . 1.0 0.0 1.5 3.0 1.0 4.5 5.0 6.0 2 1 . 0
E tO H 1.0 1.0 1.0 1.0 1.0 1.5 4.0 5.5 1 6 . 0
P a s . 1.0 3.0 2.5 1.0 3.5 1.0 2.0 1.5 1 5 . 5
B la nk 1.0 1.5 2.0 2.5 2.0 0.0 0.5 4.5 1 4 . 0
T o t a l 1 2 . 0 1 3 . 5 1 9 . 0 2 1 . 0 2 5 . 0 2 6 . 0 3 2 . 0 3 2 . 5 3 5 . 0 2 1 6 . 0
O R D E R M a n . P e a . Ora. B a n . P a p . E tO H B la n k A p p . P a s . T o t a l
M a n . 5.5 3.0 2.0 3.5 5.0 5.0 6.0 5.0 3 5 . 0
P e a . 0.5 4.5 5.0 6.0 5.0 4.5 6.0 3.0 3 4 . ,5
Ora. 3.0 1.5 3.5 5.0 3.0 4.0 4.5 3.5 2 8 . 0
B an . 4.0 1.0 2-5 mm 4.0 4.0 3.5 3.0 5.0 2 7 . 0
P a p . 2.5 0.0 1.0 2.0 4.0 3.0 5.0 3.5 2 1 . 0
Et O H 1.0 1.0 3.0 2.0 2.0 §§ fiiiiis 3.5 3.5 4.0 2 0 . 0
Bl an k 2.0 1.5 2.0 2.5 3.0 2.5 f g | g j |' 1.0 5.5 2 0 , 0
A p p . 0.0 0.0 1.5 3.0 1.0 2.5 5.0 5.0 18. 0
P a s . 0.0 3.0 1.5 1.0 2.5 2.0 0.5 2.0 12. ,5
T o t a l 1 3 . 0 1 3 . 5 1 9 . 0 2 1 . 0 2 7 . 0 2 8 . 0 2 9 . 0 3 1 . 0 3 4 . 5 2 1 6 .0
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Tab. 6.17 Preference rank comparisons for P. scapulatus and P. alecto using 
Kendall's coefficient of agreement (u)*
Measure Species u X2 df P Landau
Index
Freq. P. scapulatus -0.08 47 62 <0.950 0.42
P. alecto +0.13 86 62 <0.025 0.87
Dur. P. scapulatus 0.00 63 62 <0.750 0.77
P. alecto +0.09 79 62 <0.100 0.65
HDR P. scapulatus -0.04 55 62 <0.750 0.91
P. alecto +0.14 89 62 <0.025 0.97
Order P. scapulatus -0.07 50 62 <0.900 0.71
P. alecto +0.09 79 62 <0.100 0.50
(* 190 and 196 distinct returns from 216 trials for P. scapulatus and P. alecto respectively; u-value range 
-0.2 [no agreement] to +1.0 [complete agreement]; HDR measure used for species comparisons is 
highlighted in red; All p values taken from Owen [1962])
146
Tab. 6.18 Analysis of preference intransitivities for P. scapulatus for four different 
decision variables in 216 paired comparisons of odour stimuli under 
controlled conditions*.
Decision
variable
No. ties/ nil 
preferences
Theoretical 
(5% level) 
No. triads*
Observed 
No. triads1-
Conclusion
FREQ
PsOl 9 6 6 random
Ps02 8 7 14 random
Ps03 3 8 13 non-random
Ps04 18 1 3 non-random
Ps05 5 8 11 non-random
Ps06 15 3 5 non-random
DUR.
PsOl 6 7 13 non-random
Ps02 8 7 4 random
Ps03 1 9 12 non-random
Ps04 14 3 5 non-random
Ps05 4 8 15 non-random
Ps06 12 4 6 non-random
HDR
PsOl 4 8 13 non-random
Ps02 8 7 2 random
Ps03 1 9 14 non-random
Ps04 13 3 6 non-random
Ps05 4 7 10 non-random
Ps06 12 4 8 non-random
ORDER
PsOl 4 8 10 non-random
Ps02 8 7 4 random
Ps03 1 9 11 non-random
Ps04 15 3 6 non-random
Ps05 4 7 12 non-random
Ps06 12 4 8 non-random
Calculated using the method of Ward, outlined in Fig. A.6.1; t  Calculated according to the method 
outlined in Txt. A.6.2; HDR decision measure used in species comparisons is highlighted in red)
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Tab. 6.19 Analysis of preference intransitivities for P. alecto for four different 
decision variables in 216 paired comparisons of odour stimuli under 
controlled conditions*.
Decision
variable
No. ties/ nil 
preferences
Theoretical 
(5% level) 
No. triads*
Observed 
No. triads7
Conclusion
FREQ
PaOl 5 8 13 non-random
Pa02 4 8 13 non-random
Pa03 6 7 6 random
Pa04 5 8 10 non-random
Pa05 3 9 9 random
Pa06 3 9 10 non-random
DUR.
PaOl 3 9 18 non-random
Pa02 4 8 9 non-random
Pa03 4 8 9 non-random
Pa04 4 8 10 non-random
Pa05 3 9 6 random
Pa06 2 9 10 non-random
HDR
PaOl 3 9 14 non-random
Pa02 5 8 12 non-random
Pa03 3 9 10 non-random
Pa04 4 8 11 non-random
Pa05 4 8 7 random
Pa06 2 9 11 non-random
ORDER
PaOl 3 9 14 non-random
Pa02 4 8 12 non-random
Pa03 4 8 8 random
Pa04 4 8 7 random
Pa05 3 9 9 random
Pa06 2 8 16 non-random
Calculated using the method of Ward, outlined in Fig. A.6.1; t  Calculated according to the method 
outlined in Txt. A.6.2; HDR decision measure used in species comparisons is highlighted in red)
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In addition, a group of nine odour pairs appeared with a significantly lower frequency 
(X2 = 15.736, 8df, p<0.05) than the expected mean.
Within the high incidence group 78% of the stimulus pairs contained odours present in 
the low decision distance cluster (Fig. 6.6), compared to only 22% in the low incidence 
group (Tab. 6.20). Those odours occurring significantly less in triads were also those 
with the largest decision distances and preference strengths, eg blank-peach (1.0), blank- 
apple (0.67) and blank-mango (0.62). Position switching of stimuli in P. alecto 
preferences was less frequent than that observed in P. sccipulcitus or P. poliocephalus. A 
lower frequency of occurrence of ties in the P. alecto trials accounted for better Landau's 
indices.
The odour pairs with a significantly higher frequency of occurrence in circular triads than 
the expected (Tab. 6.21 - shaded area) contained only a single pair with a decision 
interval <0.1. In comparison, the odour pairs >-l standard deviation from the mean 
number of observed triads, although not significantly different from the mean, did contain 
pairs with relatively large decision distances (interval sizes), eg peach-passionfruit, apple- 
mango and apple-peach.
6 . 2 . 4  Discuss ion
6 . 2 . 4 . 1  Gross Responses to Odour Stimuli
For both species the data provides incontrovertible evidence that the bats were behaving 
non-randomly in visiting odour-laden over non-odour compartments (Tab. 6.14). By 
implication the bats were actively selecting compartments associated with food odour 
stimuli. As with P. poliocephalus, all non-odour variables were controlled 
(Sec. 6.1.4.1), therefore the only factor that could possibly have influenced the approach 
behaviour was the presence or absence of an odour stimulus. With the additional 
consideration of compartment position effects in the analyses, the results for 
P. scapulatus and P. alecto are even more convincing than those for P. poliocephalus.
That both species continued to visit compartment 1 supported the view that these bats 
were seeking to maintain contact with their conspecifics in the home cage room. All of 
the study species are essentially group foragers and individuals rarely feed alone, despite 
reports for P. poliocephalus defending feeding territories within a tree canopy (Nelson 
1965a; Puddicombe 1981). This helps explain why bats of all species spent periods 
during the trials where they would remain inside the stimulus compartment adjacent to the 
experiment room door, making visual contact with their conspecifics in the home cage. 
Maintenance of visual and vocal contact were essential for the successful completion of 
many preference trials. In this sense the study animals behaved in a similar manner
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Tab. 6.20 Frequency of occurrence of odour pairs in trials where circular triads were 
reported for adult male P. scapulatus (n=6) tested under controlled conditions'.
Odour pair Observed # Relative
odour pairs score*
Apple/Orange* 12 7.5
Papaya/Orange? 11 6.9
Apple/Peach 8 5.0
Ethanol/OrangeT 7 4.4
Apple/Banana* 7 4.4
Papaya/Banana^ 6 3.8
Orange/Peach 6 3.8
Orange/Mango^ 6 3.8
Apple/Papaya* 6 3.8
Blank/Papaya 5 3.1
Blank/Ethanol 5 3.1
Papaya/Ethanol- 5 3.1
Ethanol/Mango+ 5 3.1
Banana/Ethanol+ 5 3.1
Apple/Passionfruit? 5 3.1
Apple/Mango* 5 3.1
Blank/Orange 4 2.5
Blank/Banana 4 2.5
Blank/Passionfruit 4 2.5
Papaya/Passionfruit* 4 2.5
Mango/Peach 4 2.5
Ethanol/Passionfruit 4 2.5
Banana/Passionfruit 4 2.5
Papaya/Peach 3 1.9
Orange/Passionfruit 3 1.9
Banana/Orange^ 3 1.9
Banana/Mango? 3 ' 1.9
Blank/Passionfruit 2 1.3
Apple/Ethanol ^ 2 1.3
Papaya/Mango^ 2 1.3
Mango/Passionfruit 2 1.3.
Ethanol/Peach 2 1.3
Banana/Peach 2 1.3
Blank/Apple 1 0.6
Blank/Peach 1 0.6
Blank/Mango 1 0.6
(t HDR decision measure; * number of times in which the odour pair appeared in a circular triad as % 
total number of triads observed i.e 53 circular triads in 190 completed trials; t  odour pairs present in 
cluster of low intervals values in Fig. 6.6; dotted line indicates the mean number of pairs observed, 
thick solid lines show ±1 std. dev. from mean; shaded area odour pairs occurring with a significant higher 
(top) and lower (bottom) incidence than that expected if inconsistencies were randomly acquired ).
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Tab. 6.21 Frequency of occurrence of odour pairs in trials where circular triads were 
reported for adult male P. alecto (n=6) tested under controlled conditions1.
Odour pair Observed # Relative
odour pairs score*
Banana/Mango 10 5.2
Blank/Ethanol* 8 4.2
Banana/Ethanol 8 4.2
Blank/Papaya 7 3.6
Blank/Apple 7 3.6
Orange/Mango 7 3.6
Apple/Papaya 7 3.6
Blank/Peach 6 3.1
Blank/Orange 6 3.1
Blank/Banana 6 3.1
Papaya/Passionfruit 6 3.1
Papaya/Orange 6 3.1
Papaya/Mango ' 6 3.1
Mango/Peach 6 3.1
Ethanol/Orange 6 3.1
Ethanol/Mango 6 3.1
Banana/Peach 6 3.1
Apple/Banana 6 3.1
Blank/Passionfruiü 5 2.6
Blank/Mango 5 2.6
Papaya/Peach 5 2.6
Papaya/Banana 5 2.6
Orange/Passionfruit 5 2.6
Ethanol/Peach 5 2.6
Apple/Ethanol 5 2.6
Papaya/Ethanol 4 2.1
Orange/Peach 4 2.1
Mango/Passionfruit 4 2.1
Ethanol/Passionfruit* 4 2.1
B anana/Passionfruit 4 2.1
Peach/Passionfruit 3 1.6
Banana/Orange 3 1.6
Apple/Peach 3 1.6
Apple/Passionfruit 3 1.6
Apple/Orange 3 1.6
Apple/Mango 2 1.0
(t HDR decision measure; * number of times in which the odour pair appeared in a circular triad as % 
total number of triads observed i.e 64 circular triads in 196 completed trials; + odour pairs present in 
cluster of low intervals values in Fig. 6.6; dotted indicates the mean number of pairs observed, thick 
solid lines show ±1 std. dev. from mean; shaded area odour pairs occurring with a significant higher 
incidence than that expected if inconsistencies were randomly acquired).
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whilst "foraging" in the preference chamber as has been observed in their wild 
counterparts.
Time in contact with an odour stimulus can indicate how effectively an animal can assess 
the quantity and quality of an odour, but the meaning of the differences in durations 
within odour-laden chambers observed in this study is unclear. However, although 
duration alone is a relatively gross measure of stimulus sampling, it does change in a 
meaningful way as a function of problem difficulty and other parameters of the stimulus, 
such as type of stimulus presented, amount of pre-trial training and stimulus novelty 
(Slotnick 1990). Whether the bats were responding to odour signatures or merely the 
stimulus novelty deserves some consideration33. Some studies have failed to address the 
question of novelty even in instances where odour attractants were being evaluated 
(Sterner £/&/. 1980).
Animals do often selectively attend to unfamiliar odours to a greater extent than familiar 
ones. The novelty attributes of an odour stimulus occasionally distort an animal's 
response to a stimulus, particularly when duration measures are used to assess response. 
In general, however, unfamiliar (novel) odours are more often the cause of aversive 
reactions than attractive responses (Engen 1982, 1991). Laing et al. (1991) reviewed 
studies on the perception of odour mixtures and indicated that novel stimulus odour 
mixtures were less likely to be detected or discriminated when compared to familiar ones. 
All of the fruits selected for the odour trials are documented as being frequented by the 
Pteropus species in this study (Chapter 2, Sec. 2.3.2). One would therefore expect (with 
the exception of ethanol) that all stimuli would be recognisable to the bats in the trials. 
That all bat species showed different levels of response to the fruit odour stimiuli, 
resulting in a preference rank (Sec. 6.2.4.2), reflects discrimination and not novelty. 
This is especially the case as these bats were tested over many months (Chapter 4, 
Fig. 4.1) when one would expect the effects of familiarity to wane.
6.2.4.2 Odour Preference Patterns
The clear demarcation between selection of odours and non-odour in P. scapulatus, 
suggests that the bats were able to clearly discriminate between peach and blank, plus 
members of the central group of fruit odours and the blank, but that perhaps there was a 
greater degree of difficulty in separation of the odours where decision distances were 
relatively small. In consideration of the previous observations related to time spent in 
odour compartments, it is likely that P. scapulatus was operating on an odour/no odour 
decision mechanism with the bats either being unable to undertake finer comparisons or 
eliminating the need to make finer comparisons in order to remove the food reward. The 
movements of P. scapulatus in relation to food are thought to be largely independent of 
those of P. poliocephalus and P. alecto (Ratcliffe 1931, p.26, para. 3, line 4). Being 
principally a blossom feeder P. scapulatus is also relatively more restricted to 
unpredictable food sources than are P. poliocephalus and P. alecto (Eby 1991b). 
P. scapulatus would therefore benefit from an odour detection and decision mechanism 
that utilised gross features of the stimulus rather than demanding fine discriminations
p. 1, para. 10 of Dr J E Nelson's questions submitted in advanee of PhD oral examination of 
A C Oldfield - August 1995
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between stimuli. In essence, if an animal is dependent upon a narrower food range then, 
if foraging optimally, it cannot afford to invest in odour choice mechanisms which place 
extra demands on the discriminatory capacity of the olfactory system. Further 
experiments with bats having restricted access to the food rewards would reveal which 
mechanism was being used.
The lack of any distinctive clustering of odours in P. alecto could mean that the bats were 
capable of making discriminations between most of the fruit odours. The only likely area 
of difficulty would be the discriminations between the bottom stimuli on the rank which 
have low decision distance values. The position of the Citrus odour, orange, in the 
P. alecto preference rank was of particular interest. Orange odour appeared relatively 
high in the rank not only within P. alecto trials but when compared to the other two 
species. This positioning of the orange odour coincided with reports on feeding 
behaviour that P. alecto had a predilection for including Citrus fruits in their diet when 
compared to other Australian Pteropus species, which generally choose other fruit types 
when available (Ratcliffe 1931 [p41 ]; Loebel & Sanewski 1987). The inclusion of Citrus 
however is relatively low compared to stonefruits, mangoes and bananas.
Other than P. alecto and P. conspicillatus (Ratcliffe 1931; Hall 1983b) there are few 
reports to indicate that among the Megachiroptera.Citrus fruits are actively sought after in 
the wild. Wahl (1994) reported Rousettus aegyptiacus attacks on Citrus crops in Egypt 
and Israel, although captive studies on wild caught bats in Israel have indicated a lack of 
preference for Citrus in this species (D. Makin - pers. comm.34 ). On some Pacific 
Islands, Citrus sinensis have been reported as a preferred food of Pteropus tonganus and 
P. mariannus but it is not known whether other fruits were available at the time the 
observations were made (Wiles & Fujita 1992). In Thailand, research indicated that even 
in areas where Citrus crops dominated (Citrus aurantifolis, C. aurantium, C. nobilis, 
C. reticularia and C. grandis) there were no reported bat contacts for any of the 17 
Megachiropteran species found throughout the fruit growing regions (Ratanaworabhan & 
Felten 1986). In contrast, many pteropodids in captivity readily accept Citrus fruits in 
their diet as long as the skin is removed (Bradford-House & Doherty 1975; Hall & 
Luckhoff 1983). Some species, such as Pteropus rodricensis will even actively tease off 
the fruit flesh from the skin when presented with unpeeled orange segments (Oldfield - in 
prep.). The difference in selectivity for Citrus between captive and wild bats might well 
be related to the presence of terpenoids in the peel rendering the fruit unpalatable to the 
bat. The current odour trials did, however, use an ethanol-extracted concentrate of whole 
orange fruit which therefore contained terpenoid compounds from the peel (Chapter 9). It 
is thus possible that the bats under investigation were not adversely affected by the odour 
compounds of peel origin but that the aversive reaction to Citrus commonly reported is 
related to taste responses.
Separation of the relative contributions of taste and smell is complex (Enns & Hornung 
1985; Hornung & Enns 1989). Studies on humans have shown that the perceived 
intensity of citral (3,7 dimethyl-2,6 octadienal) odour was significantly less than that for 
the taste of citral (Hornung & Enns 1989). Other studies on odour quality discrimination 
have indicated that many non-human mammals and humans perceive odour quality in a
Department of Zoology, University of Tel Aviv - allowed author access to unpublished 
manuscript, June 1994.
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similar manner (Braun & Marcus 1969; Laing et al. 1974; Youngentob et al. 1990). In 
particular, many odours which corresponded to Amoore's (1962) floral and 
camphoraceous classes, were readily discriminated by both rats and humans. That 
human and non-human mammal olfactory perception are similar in many respects has 
even led to the tentative suggestion that they share similar neural processes (Walker & 
Jennings 1991). For bats, Laska (1989, 1990b) compared olfactory thresholds for 
Carollia perspicillata, Myotis myotis and Desmodus rotundas with those for both rats 
and humans. He found that for C5 and C6 esters and C4 to C6 alcohols the response 
curves for C. perspicillata and humans were comparable. It is therefore not unreasonable 
to extend, with caution, findings from human studies and suggest that for P. alecto at the 
intensities of orange odour presented, the stimulation was insufficient to cause an 
aversive response, whereas under normal conditions during tasting the intensity of the 
Citrus odours could have caused trigeminal irritation (Hornung & Enns 1989).
Mango and peach odours were clearly the most highly preferred in all species. It appears 
that for all three species both mango and peach might have clear odour signatures that 
enable the bats to tell them apart from the others. These results are in agreement with 
recent reports of P. alecto selectively attacking stonefruit crops in the Northern Territory 
of Australia (Lim et al. 1993).
On a descriptive level there is the suggestion of a possible similarity in preferences 
between fruit odours and incidence of attacks on crops in Pteropus species. It appears 
that the fruit odours consistently at the top of the preference ranks for all three Pteropus 
species in this study, are also frequently reported in accounts of their feeding behaviour in 
the field as being highly preferred fruits in their diets. The only recent quantitative study 
of crop damage caused by flying-foxes in Australia was that of Jamieson (1988), which 
relied upon responses to a questionnaire survey of orchardists in Queensland. Further 
detailed investigations are warranted in comparing fruit odour preferences and field data 
on feeding activity.
Differences in diets of the three species under investigation (Ch. 2, Sec. 2.3.2) did not 
have a significant effect on the design and selection of odours for use in this study. The 
object of the investigation was to see if the bats were able to detect odours and 
discriminate between them. In that sense it did not matter if the odours were meaningful 
or not. For instance, Laska (1990) studied the olfactory thresholds of C. persicillata to a 
range of pure, single organic compounds - hardly representative of the myriad of complex 
odour mixtures that the bats usually encounter in the wild. At least the odour mixtures 
used in this study have been documented as being encountered in the normal feeding 
behaviour of the three Pteropus species of this study.
It is likely that P. scapulatus was able to discriminate between a null stimulus and odour 
with greater certainty than odour-odour comparisons. The high level of agreement across 
individual P. alecto odour preference ranks indicated that response outcomes from such 
odour-odour comparisons were less ambiguous (Fig. 6.6; Fig. 6.7b). Larger decision 
distances between odours on the preference rank for P. alecto presaged better stimulus 
discrimination (Coombs et al. 1970) and the probability of switching positions on the 
rank was much lower than for either P. poliocephalus or P. scapulatus. In the classical 
context of comparative judgements, P. alecto could be described as having 'greater
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confidence' in its decision making as this characteristically produces lower proportions of 
equal judgements (Welford 1976, p.28). Generally coefficients of agreement (Kendall 
1970) and Landau's indices (Landau 1951) are closely matched (Appleby 1983). The 
reason for the apparent contradiction in decision confidence between P. scapulatus and 
P. alecto may lie with the interpretation of rank "strength", since Nelissen (1986) made 
the particular insistence that when many ties occur in ranks (as was the case with 
P. scapulatus), apparently strong ranks often appeared "unstable" over time. Hence the 
deviation from linearity of these measures decreases as the number of ties and stimuli in 
the rank increase.
Looking more closely at inconsistencies in odour choices the rank analyses revealed 
insights into the possible mechanisms of preference in these bats. A significantly linear 
rank of preference for fruit odours in P. alecto gives the initial impression that odour 
preferences were transitive for this species, whereas for P. scapulatus they were 
distinctly non-transitive. However, the pattern of appearance of odours in circular triads 
supports the proposition that P. scapulatus were less able to discriminate between odour 
pairs with low interval values on the decision axis, eg apple-orange (0.07), ethanol- 
orange (0.07) and papaya-orange (0.13). The relationship between preference strength 
and decision distance was similarly recorded for P. poliocephalus and follows the 
general scheme described by Coombs and colleagues for assigning probabilities to 
decision making (Coombs et al. 1970). In general the closer stimuli are on a rank the 
more likely they are to switch positions. Linearity in ranks is also related to triads, as 
Nelissen (1986) defined a completely linear rank (L=1.0) as one which only had 
transitive triads. Clearly, in the case of P. alecto it was the appearance of circular triads 
which reduced the strength of the summated rank. The relationship between interval size 
for an odour pair and association with circular triads was, however, less clear in 
P. alecto when compared with P. scapulatus and P. poliocephalus.
A higher incidence of circular triads in a post-test compared to a pre-test is indicative of a 
greater degree of confusion as a result of the testing procedure (Tinsley et al. 1984). 
Although the TCT score for P. alecto was higher than the other two species, fewer ties 
were recorded, in addition to a lesser degree of non-linearity in the ranks with better 
agreement across individual bats. A plausible interpretation of this preference behaviour 
is that P. alecto was more consistently intransitive in its decision processes during the 
paired comparisons instrument, ie this species was more definite in its choices from 
paired comparisons and consistent in its apparent "confusion". Individual P. alecto 
therefore express clear preferences when presented with two alternatives, but compared 
across several stimuli appear not to assign a fixed utility to any particular odour stimulus. 
In doing so, the probability of a high incidence of circular triads is increased.
These differences in the internal decision processes for each species have been inferred 
from the behavioural responses of the bats in the form of preference patterns. 
Behavioural events include internal events subserving behavioural sequences. As such, 
the odour stimuli in these experiments were likely to subserve any decision to initiate an 
approach sequence, particularly when the test odours indicated the possibility of a food 
reward for a completed sequence. Furthermore, when the frequencies and rank orders of 
SCT s were compared between species P. poliocephalus  and P. scapulatus were 
significantly correlated (r=0.346, n=28, p<0.05; Spearman’s p for tied ranks). The
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patterns of SCT's for P. alecto were unrelated to those of the other two species (Pp vs 
Pa, p=-0.061, p>0.20; Ps vs Pa, p= 0.045, p>0.20). This observation, together with 
the similarities in patterns of odour clustering raise the possibility that P. poliocephalus 
and P. scapulatus are most closely related in terms of their decision mechanisms.
As circular triads were reported with significantly high frequencies in all three species it is 
therefore most likely that all evaluate odours under the same model, ie an assessment of 
the worth of the stimulus options presented in the trials. Assigning fixed independent 
utilities to the individual odours increases the tendency towards preference transitivity 
which is a fundamental element of rational decision making (reviewed in Rachlin 1989; 
Fishburn 1991). The experimental evidence here presented for P. poliocephalus , 
P. scapulatus and particularly P. alecto, supports a non-transitive preference pattern 
(Tversky 1969; Shafir et al. 1993). All three species violated the conditions for both 
weak and strong stochastic transitivity in that on occasions the preferences between 
extreme options were less than the strongest preferences between adjacent options (Shafir 
1994). Instead, with these bats the value assigned to an odour option is dependent upon 
the value of other options with which it is compared, ie a comparative evaluation of which 
intransitivity of preferences is a diagnostic feature. In such a model the options vary in at 
least two dimensions and differences between options on each dimension are weighted 
differently (Tversky 1969; Ng 1977; Fishburn 1991). In the context of the present study 
the odour options were all presumably at supra-threshold concentrations but differed in 
total concentration and both concentration and number of individual components within 
each odour mixture as well as overall odour quality (Ch. 9, Sec. 9.4). As a result they 
met the condition of multi-dimensional differences for the comparative method. In 
addition to and complementary with a comparative method of odour evaluation for all 
three Pteropus species in this study, was the evidence for partial preferences between 
odour options. Although some authors suggest that the existence of partial preferences is 
a major empirical failing of optimal diet theory (Charnov 1976a). More recent opinion 
indicates that under any reasonable statistical model of preference it is almost unavoidable 
to observe anything but partial preferences (Stephens 1985).
The foraging strategies and food preferences of P. poliocephalus, P. scapulatus and 
P. alecto indicate high degrees of plasticity. This is often influenced by the availability of 
these foods in the wild (P. Eby - pers. comm.35). As such, the possession of a 
comparative evaluation method and partial preferences for food odours enables the bats to 
capitalise effectively on rapidly changing food availabilities, in feeding environments 
where food resources are often spatio-temporally highly variable (Fleming 1988; Eby 
1991a, 1991b). The validity of the preferences, however, does depend on the 
assumption that all odour options were indeed perceived, and to this end a separate 
investigation was undertaken.
6 .3  Conclusions
1. The experimental design and preference chamber proved to be effective in 
investigating odour preferences in Pteropus species.
NSW NPWS - private conversation.
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2. P. poliocephalus, P. scapulatus and P. alecto were all capable of detecting the 
presence of fruit-derived odour stimuli when compared to a null stimulus under 
controlled conditions.
3. All three species could detect and discriminate fruit odours from ethanol which 
acted as the carrier solvent for the fruit odours.
4. All three species could discriminate between different fruit odours and had different 
patterns of preferences for these odours.
5. P. poliocephalus and P. scapulatus hierarchies showed similar characteristics of 
odour clustering. Within these clusters the likelihood of odour preference 
switching was highest.
6. All species expressed preference intransitivities with circular triad scores 
significantly higher than expected from random occurrences. Odours involved in 
circular triads were most often those associated with clusters in the preference 
hierarchies.
7. Under the conditions of these experiments evaluations of the test odours by all three 
bat species produced intransitive preferences. These indicated the likelihood that all 
species were undertaking a comparative method of odour evaluation as opposed to 
an absolute method.
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Chapter 7. Effect of Test Odour Concentration on Preference
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7.1 Introduction
Ever since Fechner (1859) described psychophysics as "the exact science of the 
functional relationships between the physical and the psychical (mental) world" animal 
behaviourists have tried to establish laws relating variations in physical and chemical 
stimuli to responses of animal subjects. Measurement of odour preference differences 
both within and between Pteropus species as described in Experiments 1-3 (Ch. 6) was 
based on the presentation of pre-determined volumes of test odour distillates. 
Maintaining a constant volume of stimulus presentation, however, leads to the 
assumption that any individual differences in odour preference are the result of 
discriminations based on odour quality rather than quantity.
This interpretation is valid only if, the bats were able to (i) detect the presence of the 
odour stimuli, and (ii) 'recognise' the differences between individual odours in a paired 
comparison, presumably as a result of an olfactory analysis of the odour mixture 
components. The latter mechanism was proposed for Carollia perspicillata in identifying 
natural and synthetic banana odour mixtures (Laska 1989). In order for an animal to be 
able to discriminate between odour alternatives it presumably has to be able to detect both 
odours and make a choice prior to selection (Stevens 1975). In the present study it was 
possible that some preference inconsistencies and position reversals between odours on 
the proximity scales could have resulted from individual bats being unable to detect odour 
stimuli at the concentrations presented (i.e. equivalent to the concentration in the vapour 
phase above the liquid). Alternatively the bats may have been unable to perceive the 
difference between the odours when presented together in a pair-wise experiment. In the 
absence of detection the preference orders and hierarchies would not take into account 
individual and species differences in dose response curves for particular odourants and 
mixtures. Responses would therefore be a reflection of differences in the perception of 
supra-threshold concentrations of those odour stimuli.
It was thus considered important to run a series of preference trials to determine whether 
the preferences reported in Chapter 6 were indeed "true" preferences or just effects 
resulting from differential responses of the bats to sub- and supra-threshold 
concentrations ie. 'concentration effects'. The objectives were as follows:-
1. To determine the effect of varying concentration on the ratio of responses of bats to 
fruit odour distillates.
2. To assess the impact of concentration effects on the patterns of preference within 
and across preference hierarchies.
7.2  Materials and Methods
(a) Choice and Preparation of Odour Stimuli
The basic premise for these trials was that if, for a given set of species preferences, the 
most preferred odour was compared to the least preferred odour, according to their 
positions on the preference hierarchy, then if the ratio of responses between these two
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odours remained unchanged it could be assumed that both were above the detection 
threshold of that species, or were being perceived at sub-threshold concentrations. This 
is very similar to the method of constant stimuli (reviewed in Doty 1991), where the 
subject is presented with a randomised range of concentrations from the imperceptible to 
the clearly perceptible. It differs in that the present study did not demand a response on 
every trial, so that indifferences and/or equal preferences were also reported, and the bats 
were unable to indicate directly which odour evoked the strongest sensation.
An odour pair was selected which incorporated the most preferred odour in the hierarchy 
and the odour with which it, when compared individually across all odour pair 
comparisons (Ch. 6, Tabs. 6.7, 6.15 & 6.16), produced the largest decision distance. 
This did not necessarily mean that the top and bottom odours on the combined preference 
ranks were selected. It was the individual comparison relative to all other comparisons 
that was important in this case and not the summed totals.
A series of serial dilutions of the most preferred odour for each species was prepared. 
Dilutions ranged on a relative scale from 1.0 (undiluted odour distillate) to 10~4 using 
ethanol as the diluent, as ethanol was the original solvent used for extraction of the fruit 
distillates. The least preferred odour stimulus was undiluted, which produced the effect 
of increasing its concentration relative to that of the most preferred odour stimulus as it 
was compared with progressively more dilute odour distillates. Quantities of 0.5mL test 
odours were presented in the preference chamber according to the same procedure used 
for the main preference trials in Experiments 2 and 3, but with the trials schedule 
arrangement shown in Tab. 7.1. For P. poliocephalus banana and apple were compared 
(score = 5.5, Tab. 6.7, HDR measure) and P. alecto against a mango/peach pair (score = 
5.5, Tab. 6.16, HDR measure), however for P. scapulatus the odour pair with the 
maximum decision distance involved the blank stimulus. For the bats to be able to 
evaluate both odour options it was necessary to present them with two detectable odours 
and not a blank versus an odour. If this was not done then the comparison would have 
simply yielded data on odour/ non-odour discrimination ability (similar to those in 
Tabs. 6.5 and 6.14), and no information on discrimination on the basis of odour quality. 
Therefore P. scapulatus was tested against a peach/ethanol pair (score = 5.5, Tab. 6.15, 
HDR measure).
(b) Experimental Procedure
Presentation order of test odours was alternated in two different sequence patterns in 
order to eliminate stimulus presentation order effects on detection threshold measures 
(Fellows 1967; Johansson et al. 1973) (Tab. 7.1). For P. poliocephalus and 
P. scapulatus trials utilised a dilution range from 5 x KT1 to 10~4 of the original 
(undiluted) distillate over five increments. Following analysis of these trials it was 
necessary to add a set of further dilutions for P. alecto in order to improve the resolution 
of the responses to odour stimuli over the 1.0 to 10'1 range, resulting in a total of nine 
dilution increments being tested for this species. A complete set of concentration effect 
trials was run for a single species with the same individual bats as were used previously 
in the main trials. In between separate species trials, the preference chamber was 
dismantled and steam cleaned as previously described in Chapter 6.
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Tab. 7.1 Trials sequences (a) for determination of concentration effects on 
preference ratios in three Australian Pteropus species, plus dilution series 
for trials with (b) P. poliocephalus, P. scapulatus and (c) P. alecto .
POl P02 P03 P04 P05 P06
SEQ. 1
Comp. 1 a b a b a b
Comp. 3 b a b a b a
SEQ. 2
Comp. 1 b a b a b a
Comp. 3 a b a b a b
(a & b represent two odours in a paired comparison; POl, P02 etc represent bat 
numbers 1 to 6)
Dilution Sequence Trial day
0.5 1 1
0.1 2 2
0.01 1 3
0.001 2 4
0.0001 1 5
(Sequence numbers refer to those in (a) above; dilution as a proportion by volume of 
the original test odour distillate)
Dilution Sequence Trial day
0.8 1 1
0.6 2 2
0.4 1 3
0.2 2 4
0.1 1 5
0.01 2 6
0.001 1 7
0.0001 2 8
(Sequence numbers refer to those in (a) above; dilution as a proportion by volume of 
the original test odour distillate)
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(c) Statistical Analyses of Concentration Data
Preference ratios (PR) were calculated in two stages:-
(i) determine the bat's choice by a decision rule (eg. frequency, duration, HDR, order)
(ii) calculate the ratio by the following, PR = number of times most preferred odour 
selected + number of of bats in trial.
All statistical analyses were adapted from standard methods (R. Cunningham - pers. 
comm.36;).
1. The data were defined within a trinomial response variable: Most preferred, least 
preferred and nil result. Thus allowing for measurement of indifference or equal 
preference, which many preference studies have previously ignored (Bateson 
1990).
2. Linear regression would have been completely inappropriate for this data37 as the 
response variable (preference ratio), being a proportion, was constrained to 
between 0 and 1. Therefore, a generalised linear modelling method was applied to 
the data, which was transformed using a logit-linear link function (McCullagh & 
Neider 1992) to ensure a preference ratio between 0 and 1.
3. Any model (ie. a compact summary of data) when applied to data explains a certain 
amount of deviance. In this case three subsetted models were of particular interest:-
(a) the null model (no trend in the data) - model (i)
(b) the straight line model (linear trend) - model (ii)
(c) other, non-linear model - models (iii) & (iv)
The change of deviance is like a significance test, the bigger the change the more 
significant is the model associated with it. In this analysis only linear terms were 
considered, thus there was only one deviance value per model. To assess the significance 
of the deviance, the critical point is that if the deviance change values exceed 5.991 (the 
95% cutoff for the y} distribution with 2 df) then the linear trend is significant.
The aim of the analyses was in seeing whether there was a pattem of increased perference 
ratio with increasing concentration. There was no intention to predict a specific ratio at a 
specific concentration. Confidence intervals were therefore deleted because they served 
no analytical purpose in this case. The measures of fit for graphical representation of the 
analyses were the deviance statistics.
Statistics Consultant, Dept of Statistics, ANU. Meeting with author and A. Robinson, April 
1993.
p. 5, line 20 of Dr L Martin's report on PhD thesis of A C Oldfield - August 1995.
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7 . 3  Results
For all three species there was a general decrease in response ratios as concentration 
decreased (Raw data ref. Tab. A.7.1). The rates of decrease were comparable with both 
P. poliocephalus and P. scapulatus decreasing from 0.92 to 0.42 over a dilution range 
from 1.0 to 0.0001 of the original stock test odour solution. Similarly P. alecto response 
ratios decreased from 1.0 to 0.5 over the same dilution range. Within this range there 
occurred significant differences in rates of decrease in response ratio. All 
P. poliocephalus deviance changes were non-significant. Despite the lower response 
ratio at low concentrations the responses to the most preferred test odour were highly 
variable between 0.10 and 0.0001 relative concentrations. P. poliocephalus responses 
were therefore diagnosed as type (i). This contrasted to responses for P. scapulatus 
which, with the exception of the visit duration measure data, also showed non-significant 
change with concentration. On the basis of visit duration, however, there was a 
significant change in response as relative concentration of the most preferred odour 
(peach) decreased (Fig. 7.1c). Expressed preferences by P. scapulatus for peach and 
ethanol were therefore inversely related. Duration measures on the whole provided the 
strongest measure of preference ratio change with concentration (Tab. 7.2), particularly 
demonstrated with P. scapulatus. In addition, the number of trials producing a nil result 
increased with decreasing peach concentration and increasing ethanol concentration.
In a similar manner P. alecto preferences for the most preferred odour (mango) decreased 
with decreasing concentration relative to that of peach odour (highest pair score, HDR 
measure, Tab. 6.16) (Figs. 7.1a, b). All P. alecto responses were classified as type (ii). 
The major differences between P. alecto and P. scapulatus resided in the strength of the 
preferences and the frequencies of nil result trials. Characteristically P. alecto trials 
resulted in strong preferences at concentration levels at or close to those used in the main 
preference trials outlined in Chapter 6.
7 .4  Discuss ion
These observations add further confirmation to the already described subtle differences in 
odour preference behaviour between P. poliocephalus, P. scapulatus and P. alecto. The 
latter two species are particularly affected in their preference patterns by odourant 
concentration. The rates of change in response ratios with change in concentrations are 
likely to be determined in some part by the olfactory acuity of each species. The olfaction 
literature is replete with studies on the determination of olfactory thresholds and debate as 
to their definition and nature, but it is not within the orbit of this study to review these 
(for review see Carterette & Friedman 1974; Dravnieks 1975; Passe & Walker 1985; 
Slotnick 1990).
It is noteworthy that preference ratios (Tab. A.7.1) do not tally with the graphs (Fig. 7.1) 
because the ratios are fitted  values. These are values that one would expect if the linear 
model ([ii]) were true. They should therefore not be the same. In addition, the unequal 
spacing of the dose intervals is not relevant in this case and makes no difference to the
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Tab. 7.2 Determination of effect of varying relative concentration of preferred test 
odour on preference ratios expressed by three Pteropus species, by 
assigning each species to a response model based on response deviance 
data.
Species Decision variable Change in deviance Fitted
model1-
P. poliocephalus Frequency -1.600 (i)
" Duration -2.890 (0
" HDR -2.757 (i)
Preference Order -0.830 (i)
P. scapulatus Frequency -0.930 (0
i t Duration -8.270 (ii)
" HDR -5.900 (iv)
Preference Order -0.990 (0
P. alecto Frequency -12.290 (ii)
" Duration -25.047 (ii)
" HDR -21.600 (ii)
" Preference Order -10.290 (ii)
0  If deviance change >5.991 (%“ for p0.05, 2df) then the relationship between concentration 
and response is linear [type ii]; Models described in Sec. 7.2c)
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“ Proportion M ost Pre/erred
e  Proportion Least Preferred
-----*----  Proportion N o Result
.2 0 .6
Concentration
I  0 . 6
Concentration
(b)
Concentration
Fig. 7.1 Changes in response ratios to high and low preference odours with 
decreasing relative concentration of most preferred odour in P. alecto (a) 
HDR, (b) Duration decision measures, and (c) P. scapulatus Duration 
measure.
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conclusions drawn (R. Mark - pers. comm.38). An estimate of the threshold range in 
which both P. scapulatus and P. alecto were operating in this study can be gleaned from, 
the patterns of change in response ratios (Fig. 7.1a-c). Traditionally, absolute threshold 
has meant the lowest concentration of odourant that can be detected (Doty 1991 for- 
review). However, the value of a sensory threshold has been shown to vary with time in 
an almost random manner (Oldfield 1955), and average threshold values often differ by 
several orders of magnitude (Stevens et al. 1988). The signal detection theory offers a 
better account of the actual psychophysical situation but mitigates against a single absolute 
threshold value (Tanner & Swets 1954; Green & Swets 1966; McNicol 1972). Its main 
advantage is that it allows for background odours and recognises that the main test odours 
will only initiate a behavioural response if the 'signal plus noise' and 'noise alone' 
distributions are significantly different with minimal overlap. The method used in this 
study was a modification of the method of constant stimuli (Stebbins 1970; Doty 1991). 
The additional allowance made was that utilised by Johansson and colleagues (Johansson 
et al. 1973), where the condition of a decision being necessary in every trial was not 
followed.
The point of intersection of the lines representing proportion of choices for each odour 
option would traditionally be that which indicated a detection threshold (Figs. 7.1a-c). 
Under the present experimental design, however, nil responses also needed to be 
considered. Detection thresholds would therefore probably be found from each graph in 
the region between the peak nil response and the intersection point for the preference 
lines. These data therefore point to a possible difference in olfactory thresholds between 
P. scapulatus and P. alecto; the former lying within a concentration range of 0.44-0.50 
of the original odour distillate starting concentrations and the latter within a concentration 
range of 0.1-0.2 of the original. The aims outlined in Section 7.1 did not include 
determination of olfactory thresholds, merely to demonstrate whether or not a 
concentration effect existed in these species. The method used to determine the values 
was deliberately unsophisticated and therefore the values should only be considered as 
indicators of where future threshold determinations should be undertaken. They are, 
however, sufficient to allow for the general observation that under the conditions of this 
study P. alecto appeared to detect odour mixtures at lower relative concentrations of the 
most preferred odour, than compared to P. scapulatus when tested under the same 
conditions.
Stimulus-response functions have traditionally (in the method of constant stimuli) been 
assumed to be "monotonic and ogival" in form (Doty 1991, p. 103, line 1). This 
description has been criticised, without knowledge of the context in which it was made39. 
Doty’s original description was made when discussing the relationship between odour 
detection performance and odourant concentration, and stated:-
"..Although traditionally such stimulus response functions have been assumed to be monotonic and 
ogival in form, there is now evidence that, for many odorants, "notches", "dips" and "reversals" are 
present in these functions".
R Mark, Professor of Neurobiology, ANU - private conversation August 1995. 
p. 5, line 9 of Dr L Martin's report on PhD thesis of A C Oldfield - August 1995
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The response ratios in this study (Tab. A.7.1) if plotted directly appeared to show minor 
peaks and troughs at dilutions less than 0.1. These were smoothed by the logit-linear link 
function applied in the statistical analysis. Such fluctuations in preference ratios can lead 
to the determination of more than one threshold value (Doty 1971) and has been 
demonstrated in the perithreshold data from other mammals (Marshall et al. 1981; 
Marshall & Moulton 1981). The statistical smoothing of the "end variations" (at low 
concentration values) of the response ratio plots should not detract from the observation 
that in these Pteropus species the responses to the odour stimuli were not strictly 
monotonic. The fluctuations between raw results and the fitted lines are likely to be due 
to random variation in P. scapulatus, mainly due to their often erratic behaviour which 
made them less reliable than P. poliocephalus and P. alecto. The presence of peaks and 
troughs in the raw data (similar to the "notches, dips and "reversals" described by Doty 
[1991]) further suggest, at least for P. poliocephalus compared to P. alecto) possible 
differences between the bat species in terms of the nature of the underlying processes 
involved in perception and discrimination of odour quality.
Though it is known for some mammals that background odours are constantly perceived 
even when some stimuli are present at sub-threshold concentrations (Meng 1991), it 
appears that all three pteropodids in this study were perceiving odours at supra-threshold 
concentrations. As a result the preference patterns reported earlier in this chapter and in 
the preliminary trials can be considered to be valid measurements of the underlying 
preferences of these species.
7 .5  Conclusions
1. P. poliocephalus preference ratios were not significantly affected by variations in 
concentration of the test odours. Conversely, P. scapulatus and P. alecto showed 
significant changes in response ratios with concentration, thus supporting a 
comparative method for evaluation of odour concentrations.
2. P. alecto responded to odour at a lower threshold level than P. scapulatus, in 
addition to observations that across bats P. scapulatus was less capable in 
discriminating between fruit odours. If the P. scapulatus responses were not 
artifacts due to random variability, then this suggests that more specialist feeders 
(P. scapulatus) do not necessarily have a more discriminating olfactory sense than 
do generalists.
168
Chapter 8. Flower vs Fruit Odour Preferences
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8.1 Introduction
Most Australian Pteropus species have highly varied diets, and appear to be selective in 
their movements in relation to, and exploitation of, the available food resources (Ratcliffe 
1931; Nelson 1965b; Puddicombe 1981; McWilliam 1985; Richards 1990b; Eby 1991a, 
1991b, 1994; MacDonald 1991). The majority of their feeding activity, however, 
particularly for the three species in this study, is dedicated to the removal and 
consumption of native fruits and flowers (McWilliam 1985; Parry-Jones 1987; Dobat & 
Piekert-Holle 1985). Introduced species usually only assume importance when native 
sources are depleted (Tidemann & Nelson 1987; Eby 1990b; Parry-Jones 1990).
Many studies have emphasised the role of these bats in causing severe crop damage, 
often worst in years of native blossom failure (Ratcliffe 1931; Ireland 1987; Jamieson 
1988), and methods of controlling these bats to reduce the severity of such damage (Hall 
& Richards 1987; Fleming & Robinson 1987; Loebel & Sanewski 1987; Oldfield 1993a, 
1993b, 1993c; Wahl 1993).
In the previous chapter it has been clearly demonstrated that all three study species are 
able to detect and discriminate between fruit derived odours. In addition, they have 
different degrees of preferences for these odours. From all the literature on feeding 
preferences in bats only one to date has attempted to compare preferences between fruit 
and flowers in captive Megachiropterans (MacDonald 1991). The major shortcomings of 
this study, however, were lack of constancy in age/sex ratios, no control of stimulus 
quality and general lack of rigour in experimental design and analyses. In spite of these 
drawbacks her data suggested that under some conditions commercial fruits such as 
apple, pear and banana were preferred to several native blossom species, but the 
directions of the preferences often reversed. The resulting intransitivities of 'preferences' 
were unfortunately ignored. MacDonald's study did, however, deserve to be duly 
acknowledged as an attempt made to contribute to the understanding of the sensory basis 
for these food preferences not only in P. poliocephcilus but in related Pteropus species.
This experiment therefore served to satisfy the need to (i) compare fruit odour preferences 
with responses to flower odours from a known preferred native tree species, Eucalyptus 
gum m ifera , (ii) investigate the possibility that preferences for food derived odours 
previously demonstrated under control conditions, might also exist for flowers taken 
from the field, and (iii) provide baseline data for field trials to investigate Pteropus 
behaviour in relation to floral odour emissions in an uncontrolled environment (Chapter 
10). As such, this would support the proposition of Schmidt (1985) that the olfactory 
sensitivity of bats to biologically important volatile mixtures, such as food odours, is 
much greater than to single pure substances often used in laboratory experiments.
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8.2  Materials and Methods
8.2.1 Collection of Flowers
Samples were collected from mature flowering Eucalyptus gummifera trees within Kioloa 
State Forest, NSW (Map No. 8926-1-N, 1:25,000; GR 543548) in late March 1992 
when P. poliocephalus were observed actively feeding in the E. gummifera trees. 
Flowers were sampled at mid-canopy level (approximately 10m high) with only mature 
flowers in peak nectar flow being removed. Peak nectar flow was established from 
previous classification studies on similar species (Moncur - unpublished manuscript), 
plus pre-trials on E. gummifera on another site at Kioloa, NSW in the previous year. A 
cut was made on the pedicel beneath the floral tube, whereupon the sample was 
immediately immersed in liquid nitrogen for five seconds and placed in a glass screw-top 
bottle. This procedure was repeated until sufficient flower samples were collected for 
preference trials and subsequent preliminary chemical analyses, to develop the 
appropriate methods for further field study. All samples were stored in a portable freezer 
in the field and kept at -15°C until the start of preference trials.
8.2.2 Preference Trials
These trials were by no means intended to be exhaustive and the design therefore 
remained simple. For each bat species the most preferred odour at the study 
concentration for the main preference trials was compared in pair-wise trials with the 
odour from an intact E. gummifera flower. Thus, for P. poliocephalus the flowers were 
trialed against banana odour; for P. scapulatus against peach odour; and for P. alecto 
against mango odour. Presentation order was arranged as previously described for 
sequence T  in Chapter 7, Tab. 7.1a, where positions were alternated across individual 
bats. The same method was adopted as in Sec. 6.3.2 where each bat was exposed to an 
odour pair once only, therefore producing replication across rather than within 
individuals.
Each flower was weighed and left to equilibrate to the experiment room temperature 
before starting a trial, whereupon the whole flower was placed onto the petri dish and 
then into the appropriate stimulus compartment. Bats were introduced into the chamber 
and behaviours recorded as described for the main trials (Chapter 6). Results were 
expressed in the form of a simple response ratio and nil results were also recorded 
(Bateson 1990). Interpretation of these data was largely descriptive due to limits 
regarding replication. Only general commentary was made regarding inter-species 
comparisons due to the fact that different fruit odours were used to compare with 
responses to floral volatiles.
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8 .3  Results
The three bat species each responded differently in the E. gummifera - fruit odour 
comparisons (Tab. 8.1). A 100% response in favour of E. gummifera would have 
resulted in a preference ratio of 1.0, conversely a value of 0 would result from complete 
response in favour of the fruit odour stimulus (Bateson 1990). The most pronounced 
response was that for P. scapu la tu s  with a preference ratio of 0.75 whereas 
P. poliocephalus was equally active in each odour compartment (0.5 score) and P. alecto 
favoured the fruit odour option (0.33).
Tab. 8.1 Performance of three Pteropus species in paired comparisons (n=6 per 
species) between fruit and flower odours.
Bat species Odour pair Preference
ratio*
Nil result
P. poliocephalus E. gummifera vs banana 0.50 1
P. scapulatus E. gummifera vs peach 0.75 0
P. alecto E. gummifera vs mango 0.33 0
(* Number of choices for E. gummifera + total number of trials [HDR measure])
8 .4  Discuss ion
Behavioural tests with floral scents are rare (Knudsen et al. 1993). These data, although 
relatively crude, are nonetheless important. Because the flowers were snap frozen after 
removal from the tree the volatiles contained therein remained until the temperature was 
increased during pre-trials in the experiment room. This technique has been used widely 
in the analysis of floral odours (Knudsen et al. 1993; Surburg et al. 1993) and maintains 
the integrity of the major odour notes of the floral tissue. It is therefore reasonable to 
assume that, when equilibrated, the headspace above the diffusion surface in the stimulus 
cham ber was representative of the odour profile of the flower prior to 
excision.Preferences for food items as opposed to odours in P. poliocephalus revealed 
that this species expressed an overwhelming response towards E. gummifera when 
compared with banana fruit in pair-wise comparisons (MacDonald 1991). When the 
same comparison was focussed solely on the headspace odours for these food stimuli in 
this study, P. poliocephalus showed equal activity in relation to both odour options. The 
exact meaning of an 'equal activity' result is difficult to define. It could mean that the bats 
had equal preference or were equally indifferent to both options; no preference or even 
(although unlikely) an aversion to each option. Difficulties in the interpretation of such 
results have led many authors to interpret every trial as having a positive outcome for one 
of the odour options or simply to ignore ties in their analyses (Martin & Bateson 1993). 
In either case it is unrealistic to assume that animals always make choices expressed as 
preferences in every paired comparison. It is possible that factors other than olfaction 
alone contributed to MacDonald's findings for P. poliocephalus.
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The favourable responses of P. scapulatus to floral odours can be understood on the basis 
of the reported preferences in the field for floral nectar and pollen plus the overall 
relatively low incidence of serious attacks on commercial orchards when floral resources 
are plentiful (Richards 1983; McWilliam 1985). Compared to the other two species it 
alone displays anatomical characteristics more akin to a specialist nectarivore in terms of 
its reduced dentition. Conversely, according to McWilliam (1985) P. alecto is more 
dependent upon fruit than the other two species, and the preference for fruit odours over 
E. gummifera appears to bear this out. This experiment was, however, only exploratory 
in nature. It aimed to establish viability of further field trials, as if P. poliocephalus or 
P. scapulatus showed little or no response to E. gummifera odours then the pursuance of 
a field study would be questionable.
8 .5  Conclusion
1. P. scapulatus, reported to be more heavily dependent on flowers showed a 
preference for floral odours when compared to less flower-dependent species such 
as P. poliocephalus and P. alecto. This suggest the possibility that odours of more 
familiar food objects from the diet of these animals might be more readily 
recognised. More detailed field and laboratory studies are indicated.
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III.Ill General Discussion
Detection is a fundamental precursor to discrimination (Stevens 1975). Generally in 
behavioural experiments the demonstrated reaction of an experimental animal is always 
open to interpretation, which is a basic problem in the design and analysis of olfactory 
sensitivity tests (Laska & Schmidt 1986; Laska 1989). The experiments here described 
have, however, conclusively demonstrated the ability of the three bat species to detect the 
presence of fruit odour stimuli over a no stimulus condition. Additional confirmation was 
evident from the responses of all species to ethanol alone. As ethanol was the carrier 
solvent for all fruit odours, that differences existed in strengths of preferences showed 
that each species recognised the essential fruit volatiles as being distinct from the solvent. 
This is the first empirical evidence to support the numerous claims over many decades 
(Ch. 2 for review) that Australian Megachiropterans are olfactarily capable in relation to 
the location and selection of food. Demonstrating what an animal can do, however, is a 
different matter to determining what it does do in the wild. Nonetheless, this study has 
already contributed a significant advance to this end. Not only were all three bat species 
able to detect odours but they each demonstrated an ability to discriminate between the 
different odour mixtures. Discrimination between the odour options could be made on 
the basis of intensity or concentration differences, hedonic attributes or an assessment of 
the quality and chemical composition of the stimulus mixtures. Odour quality is thought 
to be chief among the experiential features of olfaction (Thomas 1980). Phyllostomid 
bats (Wolff 1981; Laska 1989) and some Megachiropterans (Möhres & Kulzer 1956; 
Kulzer 1979) have been suggested to discriminate between odour alternatives on the basis 
of odour quality and chemical composition.
Odour quality discrimination has been suggested by Doty (1991) to be the least 
demanding of olfactory tasks that an animal can be encouraged to perform. Furthermore, 
the most basic discrimination requires a decision as to whether two odours in a paired 
comparison are the same or different. The evidence indicates that the three bat species in 
this study were probably able to do this, although their capacities to discriminate were 
indeed different. These differences yielded important insights into the mechanisms 
underlying the processes of choosing between odours by these animals. Stebbins (1990) 
argued that preference tests, although originally used to study perception, were later 
rejected on the grounds that an animal's preferences were not a reliable indicator of 
perceptual abilities. He made the mistake, however, of failing to distinguish between the 
investigation of decision processes and the determination of sensory thresholds, which 
were probably the intended focus of his statement. Preference testing of the type 
performed in the experiments outlined in this thesis has been the driving force of 
determining how animals evaluate options presented to them (Rachlin 1989; Shafir 1994). 
This study embraced the modern philosophy in preference testing (Fraser et al. 1993), in 
that it was more comprehensive in the response measures used and utilised a more 
elaborate and rigorous experimental design. Evidence here presented has indicated that all 
three Pteropus species utilised a comparative as opposed to an absolute utility model of 
odour evaluation (von Neumann & Morgenstern 1947). In all interpretations of the data 
one must always bear in mind that any between-animal variability, however small, is a 
potentially significant consideration in discussions of putative mechanisms for odour 
evaluation. In this regard, the proposed mechanisms are tentative and need to be 
confirmed by further studies on larger sample sizes. Rarely, however, in behavioural
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studies of this type are large sample sizes possible because of the need to avoid carry-over 
of trials from one day to the next (and hence incur a "day effect"). In the event a 
compromise is needed between reduction of between-animal variability and logistical 
considerations.
Shafir (1994) emphasised that absolute and comparative evaluations must not be confused 
with the absolute and relative models of stimulus discrimination (Mackintosh 1974 for 
review of latter models). The former models explain how different dimensions of 
available options are evaluated in determining which is the preferred option, whereas the 
latter model explains how the options are discriminated from each other. The important 
point to note in this instance is that evaluating options and discriminating between them 
may not always reflect identical cognitive processes. However, in the context of this 
study, it is assumed that knowledge of how the bats evaluate odour stimuli provides a 
good indication of discriminative ability, and that odour evaluation makes and important 
contribution to the discrimination process.
The use of comparative evaluation by Pteropus species sets these bats apart from 
frugivorous birds which have been suggested as incorporating more rational models in 
their food and odour preference behaviour. Sorensen (1983) uncovered patterns of 
transitive preferences in adult blackbirds (Turdus m eru la ) and songthrush 
(7. philomelos) and suggested that the underlying decision process was dependent on 
conditions for rational choice (Raiffa 1968). Several species of cockatoo (Cacatuci spp) 
were exposed to paired comparisons instruments on their choices of six seeds, to reveal 
preferences which were readily ranked with few reversals (Rowley et al. 1989). These 
species too chose between options on a rational basis. Numerous studies, not only on 
frugivores, have assumed a basic rational choice model of independent evaluation of 
options, so much so that Boyd and Silk (1983) stated that "the usual practice in studies of 
preferences is to ignore comparisons with ambiguous outcomes". Such an omission is 
bound to obscure or bias any conclusions about relationships between individual stimulus 
options in a rank.
A change in direction towards comparative models of evaluation came through recent 
studies on animal cognition (Griffin 1984, 1992; Roitblat 1987; Gallistel 1992), and has 
been reflected in studies of decision-making processes on foraging animals (Waddington 
& Gottlieb 1990; Real et al. 1990; Real 1991; Shafir 1994). Thomas (1980) went even 
further in saying "the act of smelling something, anything, is remarkably like the act of 
thinking itself". One could presume that all three species under study, by evaluating 
comparatively would therefore assign different values to the odour options if the types of 
odours or properties (concentrations of component volatiles in test odour mixtures) 
changed. This method of evaluation could therefore explain (if food preferences were 
dominated by odour) the high degree of plasticity in food choices in these bats. The 
reports of Pteropus feeding on underripe bananas (Tidemann & Nelson 1987) and 
maintaining sub-optimal diets under times of stress, demand that the bats' olfactory 
system be flexible in its operation. The observations of Funakoshi and colleagues that 
ecological pressures outweigh innate preferences for odours or foods, could therefore be 
explained by either the innate preferences being weak or indeed non-existent 
(Funakoshi et al. 1993).
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These bats appeared to be adopting a "top-down" approach in their perception of fruit 
odours (Stebbins 1990), in that within each species they responded similarly to 
differences in stimulation, ie. differences they could discriminate when the conditions 
narrowed or demanded. This is as opposed to a "bottom -up" approach where the bats 
were only evaluating the differences between stimuli at the limits of their resolving ability. 
This latter distinction is important as the general similarity in approach responses for, eg., 
mango and peach (highly preferred) and, eg., blank, apple and passionfruit (least 
preferred), reflects what the bats can do (based on the acuity of their olfactory system) 
and what they actually do under specified laboratory conditions. Thus, the response to a 
series of specified odour mixtures is complex and context-dependent.
These findings add to the extensive debate on the development of odour "repellents" to 
deter bats from feeding in orchards. Several types of such substances have been tried in 
the past with little or no success (Tab. III.l). However, perhaps those authors who in 
the past have advocated the use of noxious chemicals to deter bats have been working on 
several flawed assumptions:- (a) There has been little empirical anatomical or behavioural 
evidence to support the hypothesis that Australian Pteropus had a functional olfactory 
sense. The view to the contrary40 cannot be reasonably sustained because (i) anatomical 
studies do not denote function, and (ii) the recent study of Waldon (1992) which showed 
increased smell interactions only in male P. poliocephalus, lacked suitable control 
treatments (eg. observing interactions in "induced anosmic" animals) and were highly 
speculative, (b) Researchers have selected 'noxious' agents based on their assumption 
that what they themselves find aversive will be similarly perceived by Pteropus species - 
this is a highly naive and flawed assumption, (c) There existed a failure to appreciate the 
subtleties of the learning behaviour in the target species and how rapidly the problem of 
adaptation to odour would become evident.
The present study has initiated a new approach to this area of research. It has been 
demonstrated through analysis of preference intransitivities that in all three species certain 
odours appear more frequently in association with circular triads than others. Of 
particular interest are the interactions between citrus odours and others in 
P. poliocephalus and P. scapulatus. Since circular triads are indicative of confusion in 
preferences, these particular interactions deserve further investigation. Taken to its 
logical conclusion, there is a possibility of investigating and exploiting the preference 
inconsistencies to interfere with the bats' evaluation of odour mixtures. The potential for 
application in the field to reduce the impact of Pteropus in fruit orchards is evident should 
such an "interference model" be demonstrated in subsequent research. This represents a 
fundamental change in philosophy of looking at the orchard-bat interface, and 
acknowledges the complexities of fruit bat preference behaviour. In addition, should 
olfaction be further investigated as a putative bat control medium, it is likely that, on the 
basis of some of the evidence presented in this section, species response differences 
would need to be taken into account. The development of an agent which acted as a 
general panacea for all bat attacks is highly unlikely.
p. 5, last para, of Dr L Martin's report on PhD thesis of A C Oldfield - August 1995
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Tab. III .I  Summary of previous odour deterrent methods used in the field for 
Pteropus control in Australia
Odour substance Type Relative success Source
Carbide/acetylene repellent low Fleming & 
Robinson 1987
low Loebel & Sanewski 
1987
" " low bim etal.  1993
i t i t moderate Watson 1982
i t » moderate Carman 1993
Sulphur/S02 repellent low Fleming & 
Robinson 1987
i t low Loebel & Sanewski 
1987
Phenol repellent low Fleming & 
Robinson 1987
Carbolic acid repellent low Ratcliffe 1931
Ripe fruit (+ poison) attractant low Ratcliffe 1931
Animal cadaver repellent (bats) 
attractant (predators)
low bim etal.  1993
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SECTION IViCHEMICAL STUDIES
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IV.I General Introduction
Acceptance of a food by an animal often depends on flavour (olfaction plus taste), texture 
and visual attributes rather than nutritional value (Whitfield 1982). Some studies on 
frugivorous M egachiropterans (M acDonald 1991; Goyal et al. 1992) and 
microchiropterans (notably members of the Phyllostomidae (Lockwood et al. 1977 data 
cited in Fleming 1988; Stashko 1992) have, however, indicated that nutritional 
considerations such as sugar content do influence food choice. Foraging animals, 
however, rely on olfactory, taste and odour cues as indicators of stages of ripeness and 
nutrition of the fruit items. In a sense, odours and colour advertise to potential seed 
dispersers the likely nutrients in fruits, yet it is the non-volatile, polar components which 
are often responsible for the taste of the food (Solms 1971; Mair 1988). Food flavours 
are made up of many hundreds of volatile compounds and the acceptability of a stimulus 
item will be affected by the qualitative and quantitative composition of the volatile 
components. It was therefore important to analyse odour compositions as a further step 
in understanding odour preference behaviour in these frugivorous bats.
The next logical step in exposing the layers of the Pteropus olfaction story concentrated 
on the chemical analysis of the stimulus odours in order to discover whether odour 
quality (as measured on the basis of composition) was indeed a factor in influencing the 
bats' preferences.
IV.II Organoleptic Properties of Plant Material - Headspace Analysis
Gas Chromatography (GC) techniques have been used with increasing enthusiasm in 
recent years, because they tend to be less disruptive to the composition of the natural 
material and are therefore less destructive than classical methods. The analysis of the 
volatiles in the airspace above the sample is particularly useful, because it reflects what an 
animal is sampling when sniffing. As such, 'headspace analysis' often yields the most 
reliable information concerning fruit or flower odours.
A precise definition of headspace denotes "that mixture of vapours existing in equilibrium 
with a sample held in a closed system" (Wyllie et al. 1978). More usually it simply refers 
to the gaseous mixture surrounding a sample within a closed system at equilibrium. 
There are many advantages to this techniques which have made it more attractive than 
alternative methods for aroma analysis (Wylie 1986):
(i) sample preparation is minimised or eliminated altogether, thus reducing the 
possibility of artefact formation;
(n) the solvent peak, which often interferes with the volatiles of interest, is usually 
eliminated therefore there is no need to introduce solvents at any stage in the 
analysis;
(iii) it often results in a more realistic "aromagram" with the volatiles in the headspace 
trace often appearing in the same proportion as when detected by the animal's nose 
(Maarse 1991).
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This latter comment was supported by Askar (1987) who stated that "the value of this 
method is irreplaceable in the study of flavour, since it is the only one that enables us to 
evaluate the exact composition of the vapour phase which stimulates our olfactive 
receptors". As a result, numerous studies have used headspace analysis to investigate 
important character impact and contributory flavour compounds of fruits (Ackerman & 
Torline 1984; Kolb 1985; Chialva & Gabbri 1987; Takeoka et al. 1988; De Pooter & 
Schamp 1989; Rizzolo et al. 1992) and flowers (Loughrin et al. 1990; Knudsen et al. 
1993; Surburg et al. 1993; Toyoda et al. 1993; Knudsen & Tollsten 1995).
For the purposes of this study, headspace analysis appeared was the method of choice in 
determining the olfactory nature of the air being sampled by the bats during the preference 
trials and later in the field.
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Chapter 9. Chemical Analyses of Odour Stimuli Used in Pt eropus  
Preference Trials
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9.1  Introduction
To gain a complete understanding of a food odour generally a three-sided approach is 
necessary, involving studies of (i) the identity and total quantity of the individual volatiles 
in the food, (ii) the composition of vapours over the food and (iii) the physical structure 
of the food (Weurman 1969).
In this study, as whole fruits were not presented to the bats due to the inability to control 
the odour quality over time, the latter approach was not considered relevant. In addition, 
as volatile concentrations in fruits vary with stage of maturity (Engel et al. 1988), control 
of stimulus quality was an important issue in this study. Effort was thus concentrated on 
identification of volatiles in and above the test odour distillates with the following 
objectives in mind:
(i) identification of volatile components in the test odour mixtures as used in the 
Pteropus preference trials
(ii) qualitative comparison of test odour compositions with patterns of preference 
responses to test odours
(iii) determination of maintenance of test odour quality during preference trials
(iv) identification of components of the test odour mixtures using olfactometric 
techniques, which were likely to have been important in perception of the mixtures
(v) determination of total concentration of volatiles in test odour mixtures and 
quantitative comparison with preference hierarchies expressed by the three study 
species
(vi) comparison of compositions of test odour mixtures with those of real fruits to 
ensure that responses of the bats in the preference trials were not due to artificial 
compounds in the test odours.
Due to the test odour distillates being ethanol dominant, most of the fruit-typical volatiles 
were present at relatively low concentrations. As a result, many different analytical 
techniques had to be utilised for concentration and identification purposes.
Despite the wealth of techniques available for investigating volatiles composition, and the 
general aims of the investigation previously outlined, a thorough review of the chemical 
literature related to analytical techniques was not warranted at this juncture (ref. Jennings 
1987; Surburg et al. 1993 for reviews). An investigation was undertaken with the 
lundamental principle of revealing qualitative (and where possible quantitative) 
differences in the test odour distillates to which the bats expressed varying degrees of 
preference. Only those analytical techniques to achieve the aims outlined will be reported 
here, and the reasons for their use explained in relation to the preference trials.
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9.2  Experiment 1: Direct GC Analysis of Ethanol Distillates
9.2.1 Introduction
With the exception of the orange odour stimulus, all Scholvien fruit distillates were 
prepared by ethanol extraction and had a range of ethanol concentrations (Tab. 9.1), and 
sensory qualities (Tab. 5.1).
Traditional methods of analyses involved direct sample injection only to determine 
compositions of odour mixtures (Heinz & Jennings 1966; Sevenants & Jennings 1966; 
Flath & Forrey 1970, 1977) however this is now only used as a preliminary to more 
extensive headspace and olfactometric analyses.
The purpose of this initial investigation was therefore to gain an appreciation of the 
number of volatile peaks in the ethanol distillates and ethanol-diluted orange oil as a 
precursor to subsequent analyses.
9.2.2 Materials and Methods
All samples were stored at -15°C at all times other than when in use for either preference 
experiments or chemical analyses. No sample preparation was required at this initial 
stage for the fruit distillates, whereas the orange oil was diluted with ethanol by a factor 
of 103 (vohvol). l.OmL of each sample was injected using a 5.0mL syringe (Hamilton) 
into the sample part of a GC (HP5890 series II), fitted with a flame ionisation detector 
(FID) and running a DB 1 column. Chromatographic conditions were: initial temperature 
30°C; initial hold time 0.5min; program rate 1: 5°C/min to 70°C (zero hold time); 
program rate 2: 10°C/min; final temperature 200°C with 2.0min hold time. Carrier gas 
was helium at lOpsi.
Following each sample run the GC was maintained for a further 2.0min to remove any 
high boiling point components which could have contaminated subsequent analyses. 
Oven temperature was then returned to 30°C in preparation for the next sample injection.
Data from this preliminary analysis were assessed merely on observation of volatile peaks 
and no quantification was involved at this stage.
9.2.3 Results
The orange oil had previously been analysed at the point of manufacture (Tab. 9.1; S. 
Bannon - pers. comm.41). This had revealed an aldehyde and ester content of up to 4.5% 
by area (area of peaks is correlated with concentration of that component in the mixture - 
Jennings & Shibamoto 1980). It was clear that ethanol was the dominant volatile peak 
and that the remaining peaks (except orange) comprised <1% of the total volatile 
concentration of the mixture. Many of the volatile peaks of interest flowed closely after
Research Chemist, Perfumes & Flavours Worldwide Ltd., Sydney - GC data sent to author in 
May 1991.
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b10 min.
Fig. 9.1 The Gas Chromatographc separation of volatiles contained in banana 
distillate as an example to show the involvement of low-boiling volatiles 
with the ethanol (EtOH) solvent tail.
(peaks b-h represent potentially important volatiles affected by the solvent tail)
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Tab. 9.1 Preliminary GC analysis of orange oil composition*
% by volume
esters 1.0 - 2.0
aldehydes 2.0 - 2.5
* (Bannon, PFW Ltd - pers. comm.42)
Tab. 9.2 Initial GC analysis of test odour distillates showing gross composition and 
numbers of volatile peaks detected
Text odour mixture Total volatile peaks % solvent Peaks >0.1%
apple 20 95.32 5
banana 15 71.31 5
mango 7 99.59 2
orange 135 95.23 8
papaya 2 99.81 1
passionfruit 10 99.86 0
peach 10 99.68 1
Research Chemist, Perfumes and Flavours Worldwide Ltd, Sydney.
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the ethanol peaks or were indeed mixed in the 'shoulder' of the solvent. Banana provided 
a good example of this problem (Fig. 9.1). Peaks b-h were all on the shoulder of the 
main solvent peak, which means that techniques for further identification and 
categorisation of these peaks would be hampered by the solvent peak. Any attempt to 
improve on the resolution within the peak, or increase the injection volume so as to 
increase the concentration of minor peaks, were fraught with the risk of overloading the 
GC column and causing damage to the FID filament (C. Hilliker - pers. comm.43; 
Jennings 1987).
It appeared that orange, apple and banana contained the largest number of volatile peaks 
(Tab. 9.2), however GC resolution for mango and papaya was relatively poor.
9 .2 .4  Discussion
If the bats in the preference trials were indeed selecting on the basis of volatiles which 
were dominant in the test odour liquids then the expected hierarchies for each species 
should have shown orange, banana and apple odours with high rank positions. This was 
not the case, therefore indicating that perhaps Laska's (1989) proposal of "a complex 
analysis of volatile interactions" might well have some credence.
Furthermore, although in principle the headspace concentration usually varies 
proportionally with the concentration of odourant in the solution (Serby & Chobor 1992) 
the activity coefficient rate of exchange of odour molecules between liquid and vapour 
phase does change with minor changes in temperature, humidity, etc. Therefore, 
emphasis on headspace techniques was considered essential in future experiments.
The aims for further determinations were therefore to try to separate the minor peaks from 
the solvent peak and to enhance the concentrations of the minor peaks which were the 
ones of interest.
9.3  Experiment 2: Steam Distillation - Extraction Combined with Gas
Chromatography-Mass Spectrometry (GC-MS) Analyses
9 .3 .1  Introduction
Distillation is an isolation and, to some extent, a concentration procedure which has been 
used extensively in early flavour research (Weurman 1969). More recently steam 
distillation and variants thereof have been used alongside other techniques, such as 
extraction, vapour collection by absorption and cryogenic concentration to isolate 
important odour volatiles (Kakiuchi et al. 1986; Takeoka et al. 1988). Generally, volatile 
samples obtained by solvent extraction and distillation yield both greater quantities and a 
larger number of compounds than compared with headspace approaches (Etievant et al. 
1984). However, as steam distillation methods promote the dehydration of labile 
alcohols there tend to be relatively large amounts of solvent isolated with the odour
43 Dept, of Forestry, ANU.
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volatiles and a relative under-representation of low boiling point fractions (Witte 1986; 
Dobson 1991).
In contrast, there was a need indicated in Experiment 1 to increase the concentration levels 
of the non-solvent peaks. Furthermore, as it is known that distillation techniques often 
yield products with unsatisfactory organoleptic properties because their odour differs 
significantly from the natural raw material (Surburg et al. 1993), it was considered 
important to compare the test odour volatiles with those from actual fruit. This would 
serve to establish whether the distillates to which the bats responded in the preference 
trials were representative of real fruit odour profiles. Therefore this experiment was 
undertaken to improve on the sensitivity of detection of important odour volatiles 
observed in the previous experiment, in addition to comparing the Scholvien distillates 
with those prepared by the author from fruit.
Previous attempts in preliminary studies to transfer volatiles from the ethanol solvent to 
another solvent with a different boiling point, such as pentane, using a simple solvent 
partitioning technique were unsuccessful. Instead, the most useful development in 
distillation techniques during the 1980's, that of Likens and Nickerson (1964) was 
favoured in this study. This has generated much interest and acquired a large degree of 
popularity (Maarse 1991). This method allows for the continuous extraction of volatiles 
in the vapour phase as opposed to less efficient liquid-liquid extraction techniques. The 
present study enabled transfer and concentration of volatiles in the ethanol distillate to 
pentane which, by virtue of its lower boiling point compared to ethanol, allowed for 
better volatile peak separation in GC analyses.
For this reason it was also decided to subject fresh fruit tissue to L-N distillation 
extraction to enable comparisons to define the integrity of the Scholvien distillates.
9.3.2 Materials and Methods
9.3.2.1 Likens-Nickerson Distillation-Extraction Applied to Test Odour 
Mixtures
The apparatus for the extraction was arranged as shown in Fig. 9.2. To the larger 
(lOOmL) flask was added 30mL test odour mixture and 50mL distilled water and the 
smaller (lOmL) flask contained 3mL pentane (Fluka) (which had been previously 
fractioned and distilled). Each flask was gently heated and vapour flow rates controlled 
to allow the vapours from each to meet in the reaction chamber. The resulting reaction 
mixture was then condensed and recycled into the respective arms of the apparatus. Once 
this state of equilibrium was reached, the distillation-extraction was left for one hour, 
whereupon the apparatus and mixtures were left to cool.
The pentane solvent was then removed, sealed and left in a freezer at -15°C to await 
further analyses. On all occasions, when handling distillates and solvents, separate 
pipettes and containers were used to avoid any cross-contamination with unwanted 
reagents. All glassware was then washed in Calgon solution and thoroughly dried prior 
to the next distillation.
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w a te r  in
w a te r  out
Heated 
w a t e r  ba th
hea te r
Fig. 9.2 Likens Nickerson steam distillation-extraction apparatus used for 
concentrating and transferring volatiles into a pentane solvent.
(A = pentane extract, B = test material [fruit or distillate] plus distilled water, 
C = reaction chamber where volatiles are exchanged in vapour phase)
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9 .3 .2 .2  Distillation-Extraction of Volatiles From Real Fruit Pulp and 
Skin
Samples of fruits corresponding to those used as test odour mixtures for the preference 
trials were purchased from local orchards in the Richmond area (NSW) and Flemington 
Fruit Wholesalers (Sydney). Selection of appropriate varieties was important, as there 
can be minor differences in volatiles profiles according to variety (Gormley 1981; 
Ackerman & Torline 1984).
The following varieties were obtained for analysis: apple (Golden Delicious), banana 
(Cavendish), mango ('Peach'), orange (Valencia), papaya (Solo), passionfruit (Hybrid) 
and peach (Suncrest). Upon arrival in the laboratory all fruits were stored at -80°C prior 
to analysis to minimise losses due to enzymatic breakdown.
Each fruit type was subjected to the same preparation method prior to distillation- 
extraction, and conditions remained the same in subsequent analyses to allow for valid 
comparisons. Upon thawing the fruit was quickly peeled, flesh and skin being separated 
each into 100g aliquots, placed into glass storage vessels and returned to the freezer at 
-80°C. The L-N apparatus was arranged as before with the exception that a larger flask 
(1500mL) was used for the fruit pulp and skin. To the large flask 100g fruit tissue (or 
skin) was weighed, to which was added lOOmL distilled water. The small flask 
contained lOmL (pre-distilled) pentane. Prior to heating, 2g glycerol triastearate was 
added to prevent foaming of the fruit-water mixture. Each flask was carefully heated until 
the equilibrium described in the previous section was reached, whereupon the distillation- 
extraction was maintained for two hours. This procedure was repeated for all fruits and 
their corresponding skin samples; a total of 14 distillation-extractions therefore being 
carried out under the same conditions. Pentane fractions were sealed and stored at -80°C 
to await further analysis.
9.3 .2 .3  GC-MS Analysis of L-N extracts
MS uses the ion source provided by the GC output which it bombards with 70eV 
electrons thus causing the ions to fragment. The way in which ions from a parent 
molecule fragment is characteristic for the specified condition thus,an unknown can be 
identified from the frequency of pattern of occurrence of ion fragments produced after 
electron bombardment (see Linskens & Jackson 1986 for detailed description of 
methods). By comparing the frequency of occurrence of volatile peaks in all L-N 
extracts, combined with MS, it was possible to determine the degree of similarity.
(a) Sample Preparation
It was important to ensure that no residual water was present in the pentane extract, so as 
to avoid potential damage to the GC column (D. Leach, pers. comm44.). All pentane 
extracts were removed from the freezer and checked for the presence of water by looking
Dept, of Chemistry, University of Western Sydney, Hawkesbury (UWSH).
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for a frozen ice layer beneath the pentane layer. For each sample, the pentane layer was 
pipetted into another 5mL stoppered glass vial. The established method of magnesium 
sulphate drying was then applied (Stevens et al. 1970) to remove water, followed by 
vacuum filtering to remove the sulphate powder. After transfer of the remaining pentane 
extract it was then considered ready for injection into the GC-MS apparatus.
(b) GC-MS Conditions
Samples were analysed using a HP5890 Series II Gas Chromatography apparatus, 
coupled to a HP5971A mass selective detector at 70eV. GC column type was a non-polar 
SGE SE30 type (20m x 0.22mm x 1.0mm), a conformation commonly used in fruit 
volatiles analysis (Jennings & Shibamoto 1980; Wyllie et al. 1995).
For each of the L-N extracts 1.5mL was injected using a pre-cleaned glass syringe 
(SGE). Orange oil was diluted 1:500 in ethanol prior to injection to avoid column 
overload. Run conditions were: solvent delay 4.5min; initial temperature 45°C, hold 
time 2.0min; program rate 1: 5°C/min to 70°C, zero hold at 70°C; program rate 2: 
10°C/min to 200°C final temperature with 2.0min hold; injector temperature 200°C, 
detector temperature 220°C; split ratio 1:10; carrier gas Flelium at lOpsi.
The solvent delay of 4.5min was determined by mixing several samples, starting with a 
delay of 5.5min and reducing the delay until the MS output appeared just after the pentane 
solvent peak had passed. This ensured maximum recording of non-solvent peaks and 
reduced the risk of damage to the MS filament. Peaks on the MS output for each extract 
were analysed using a probability-based matching algorithm (PBM) search of spectra for 
a known 140,000 reference standards (McLafferty et al. 1974; Pensyna et al. 1976), and 
by comparison of kovats indices or GC peaks run under a range of external standards run 
under the same conditions.
9 . 3 . 3  Results
The Likens-Nickerson distillation method was successful in enabling identification of 
volatile peaks which had previously been too closely associated with the ethanol solvent 
to allow analysis. Figures. 9.3 through to 9.8 show the total ion chromatograms from 
the GC-MS and allow direct qualitative comparison of occurrence of volatiles in the test 
odour mixtures compared to fruit flesh and skin when prepared under the same 
conditions. There were some methylsiloxanes from column-bleed (clusters of peaks 
between 19 and 25min RT in Figs 9.3 and 9.4). The apple test odour mixture (Fig. 9.3) 
contained a high proportion (8.34%) of apple-typical volatiles. The greatest level of 
similarity between test odour and real fruit was for the apple flesh, with ten volatiles 
being common to both (Fig. 9.3a and b). Apple skin contained essentially a-farnesene, 
which contributes little to apple odour and was unrepresented in the test odour distillate.
22 volatiles were identified in the banana test odour distillate, 19 of which have been 
documented as being present in banana fruit (van Straten & Maarse 1983; Berger 1991).
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Tim e
00_________ 8 . 0 0 _________ 1 0 . 0 0 ________ 1 2 , 0 0 ________ 1 < , 00________ 1 6 . 0 0  1 8 . 0 0  2 0 . 0 0  2 2 . 0 0
1. butan-l-ol-t
2. propyl acetate
3. 1,1 diethoxyethane
4. 2-methyl butanol
5. hexan-l-aC
6. ethyl butanoate
7. butyl acetate
8. unknown
9. trans-2-hexenaC
10. ethyl 2-methyl butanoate^
11. cis-3-hexenol
12. trans-2-hexenol
13. hexan-l-ol *1 limonene
14. 2-methyl butyl acetate *2 hexyl butanoate f
15. propyl butanoate *3 a-famesene
16. pentyl acetate *4 hexyl hexanoate
17. benzaldehyde
18. butyl butanoate
19. hexyl acetate
20. linalool
21. a-terpineol
22. citral-1
23. citral-2
(t CFC, $ CAC, # CIC)
Fig. 9.3 Total Ion Chromatogram (TIC) for L-N Apple extracts of (a) test odour 
mixture; (b) fruit flesh and (c) fruit skin. All positively identified volatiles 
and those with olfactory importance are highlighted with an asterisk.
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3. pentan-2-one
4. pentan-2-oI
5. 3 methyl butanoC
6. methyl pentanoate
7. hexan-l-ol
8. ethyl butanoate
9. trans-2-hexenal
10. 3-methyl-2 butyl acetate*
11. hexanol
14. dibutyl ether
15. heptan-2-ol
16. 2-methyl propyl butanoate
17. butyl butanoate
18. ethyl 2-methyl butanoate
19. 3-methyl butyl butanoate*
20. pentyl butanoate
21. pentyl pentanoate
22. unknown
*3 unknown 
*4 propenyl benzene
(t CFC, tC A C , # CIC)
Fig. 9.4 Total Ion Chromatogram (TIC) for L-N Banana extracts of (a) test odour 
mixture; (b) fruit flesh and (c) fruit skin. All positively identified volatiles 
and those with olfactory importance are highlighted with an asterisk.
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TI C : AOLNOO.D
TIC : A0 20F.D
1 6 . 0 0  1 8 . 0 0 ________ 2 0 . 0 0 ________ 2 2 . 0 0 ________ 2 4 . 0 0
1. a-pmenet
2. sabinene
3. b-pinene
4. b-myrcenet
5. a-phellandrene
6. ö-3-carcne
7. limonenet
8. limonene"!
9. linalooC
10. citronellal
11. a-terpineol
12. decanal "1
13. citral
14. dodecanal
(t CFC, *CAC, # CIC)
* 1 unknown 
*2 ethyl butanoate 
*3 calarene
Fig. 9.5 Total Ion Chromatogram (TIC) for L-N Orange extracts of (a) test odour 
mixture; (b) fruit flesh and (c) fruit skin. All positively identified volatiles 
and those with olfactory importance are highlighted with an asterisk.
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A b u n d a n ce
I 2 0 0 0 0 0 -
T I C :  A02PAF.D
6 . 0 0  8 . 0 0 ___________ 1 0 . 0 0 ___________1 2 . 0 0 __________ 14 00 ___________2 6 - 0 0 __________ 18 • 00__________ 00 2 2 . 0 0 ________ 2 4 . 0 0 ___________
A bundance  
2 0 0 0 0 0  -
T I C :  A02PAS.D
r i m e - - > ___________6 . 0 0  8 . 0 0 _________1 0 . 0 0 ________ 1 2 . 0 0 ________ 1 4 . 0 0 ________ 1 6 . 0 0 ________ 1 8 . 0 0 ________ 20 ■ 00________ 2 2 . 0 0 ________ 2 4 . 0 0
1. cyclohexane 7. a-terpineoC
2. 1,1 diethoxyethane 8. 2-methyl undecanal
3. 6-methyl-hepten-2-one 9. heptyl pentanoate
4. cis-linalool oxide 10. a-copaene
5. linalool 11. methyl dodecanoate
6. 2-cyclohexyl ethanol
(t CFC, tC A C , # CIC)
* 1 benzyl isothiocyanate 
*2 benzene acetonitrile
Fig. 9.6 Total Ion Chromatogram (TIC) for L-N Papaya extracts of (a) test odour 
mixture; (b) fruit flesh and (c) fruit skin. All positively identified volatiles 
and those with olfactory importance are highlighted with an asterisk.
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k b u n d a n c e
2 0 0 0 0 0
T IC :  A02PES.D
* 3
\WvV*wwW
. 0 0  8 . 0 0  1 0 , 0 0 ________ 1 2 . 0 0 ________ 1 4 . 0 0 ________ 1 6 . 0 0 ________ i 8 . 0 0 ________2 0 . 0 0 ________2 2 . 0 0 ________ 2 4 . 0 0
1. cyclohexane
2. unknown
3. unknown
4. Iinalool*
5. a-terpineol^
6. citronellol
7. citral-2
8. undecanal diethylacetal 
(t CFC, *CAC, # CIC)
*1 benzaldehyde^
*2 4-hexen-l-d acetate 
*3 2-hexenyl acetate 
*4 1,3 dimethyl cyclohexene 
*5 tetrahydrorapthalene 
*6 5-hexyl y -butyrolactone 
*7 unknown 
*8 unknown lactone
Fig. 9.7 Total Ion Chromatogram (TIC) for L-N Peach extracts of (a) test odour 
mixture; (b) fruit flesh and (c) fruit skin. All positively identified volatiles 
and those with olfactory importance are highlighted with an asterisk.
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16 18
l  ■
(a&b)
3. heptane
4. 1,1 diethoxyethane
5. 2-methyl butanol
6. cyclopentanone
7. hexanal
8. ethyl butanoate
9. 2-furancarboxaldehyde
10. 2-methyl pentanol
11. hexan-l-ol
12. 2-butyl fluron
13. benzaldehyde
16. ethyl furoate
17. cis-linalool oxide
18. trans-linalool oxide
19. linalool*
20. a-terpineol*
21. unknown
22. docosane
23. 3-hexenyl hexanoate
24. hexyl hexanoate
25. pentyl phenylacetate
26. phenyl propyl butanoate
*3 unknown
(t CFC, * CAC, # CIC)
(«> 1. cyclohexane2. 3-methyl butanone
3. 3-methyl butan-l-ol
4. methyl mercapto acetate
5. ethyl octanoate
6. a-terpineol
7. cinnanyl butanoate
Fig. 9.8 Total Ion Chromatogram (TIC) for L-N Passionfruit extracts of (a) test 
odour mixture; (b) fruit skin and (c) Mango L-N extract of test odour 
mixture. All positively identified volatiles and those with olfactory 
importance are highlighted with an asterisk.
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File:
Operator:
Date Acquired: 
Method File: 
Sample Name: 
Misc Info:
ALS vial:
C:\CHEMPC\DATA\A02PSF.D 
ao
10 Apr 92 3:16 pm
FRUITVOL.M
Passionfruit flesh after L/N 
extraction 1.5hrs with 5ml pentane
1
Abundance 
500000
450000
400000
350000
300000
250000
200000
150000
100000
50000
TIC: A02PSF.D 
15 77 2 72 23 94
28 2%8 827 002c ^
26.01
4imim
Fig. 9.8d Total Ion Chromatogram (TIC) for L-N Passionfruit flesh extract. All 
positively identified volatiles and those with olfactory importance are 
highlighted with an asterisk.
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Banana test odour mixture closely resembled that of the real fruit flesh although ten 
volatile components were common to all three L-N extracts (Fig. 9.4a-c). The distillate 
profile of banana was dominated by esters and alcohols.
Orange distillate contained 14 volatiles with confirmed identities (Fig. 9.5a-c). As with 
apple and banana, the frequency of occurrence of volatiles in the real fruit extracts were 
lower than in the distillate. Limonene dominated the profile, comprising 95.3% of the 
non-solvent volatiles detected. The secondary limonene peak was due to column 
overload, the total analysis of this extract being influenced solely by the need to keep the 
limonene peak to a minimal level so as to avoid damage to the MS detectors.
Despite the concentration of volatiles using this technique, analysis of papaya (Fig. 9.5), 
peach (Fig. 9.7) and mango (Fig. 9.8c) yielded relatively few volatiles. A total of 12 
papaya volatiles were positively identified, five being papaya-typical. The distillation - 
extraction process did have an adverse effect on total volatile yield, which was much 
reduced in the fruit flesh and skin extracts when compared with the original test odour 
distillate. A similar pattern was observed with the peach distillate and extracts.
Peach test odour mixture (Fig. 9.7) contained important CFC and CAC volatiles such as 
linalool, a-terpineol and benzaldehyde. Low-boiling compounds were absent in these 
samples. As with papaya, the fruit flesh and skin extracts contained several volatiles 
which were undetectable in the test odour distillate. The absence of mango flesh plus 
skin TIC were indicative of a lack of success in detection of L-N products with this fruit 
in this study. The distillation-extraction procedures failed to produce any detectable 
volatiles in the extracts. Passionfmit test odour distillate contained 13 volatiles, compared 
to passionfruit flesh (Fig.9.8d) and skin (Fig. 9.8b) which contained 9 and 7 volatiles 
respectively common to the test odour distillate. All three passionfruit extracts, test 
odour, flesh and skin contained the important hexanol, linalool (or derivative thereof) and 
a - terpineol, and on this basis were considered similar in quality. For mango, six out of 
seven of the identified volatiles have been previously documented (van Straten & Maarse 
1983; Macleod et al. 1988) and although the extraction procedure for the flesh and skin 
were unsuccessful the test odour distillate was subsequently analysed using GCO 
methods to support the tentative confirmation of similarity based on volatile content.
The combined analysis of identified components is shown in Tab. 9.3. It is evident that 
no single compound was present in all test odour mixtures, therefore any multivariate 
statistical analyses based on concentrations of individual component volatiles was not 
possible (Liardon et al. 1984). What is apparent, however, is that all test odours 
contained representative volatiles known for the fruits, and that overall concentrations 
(based on total peak areas) in the distillates were higher than in the flesh and skin extracts 
from the same fruits.
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Tab. 9.3 Identification of volatiles in Likens-Nickerson extracts of test odour mixtures 
used in Pteropus preference experiments
Compound Identified in Apple Banana Mango Orange Papaya Pas/fruit Peach
Distillate
Esters
propyl acetate 
butyl acetate 
2-methylpropyl acetate 
methyl butyl acetate 
pentyl acetate 
hexyl acetate 
pentyl phenylacetate 
methyl butanoate 
ethyl butanoate 
propyl butanoate 
butyl butanoate 
pentyl butanoate 
cinnamyl butanoate 
ethyl 2-methyl butanoate
2- methyl propyl butanoate
3- methyl butyl butanoate 
phenylpropylbutanoate 
ethyl propanoate 
methyl pentanoate 
pentyl pentanoate 
heptyl pentanoate
ethyl hexanoate 
hexyl hexanoate 
ethyl octanoate 
ethyl dodecanoate 
ethyl-2-furancarbonoate 
butyl benzoate 
methyl mercaptoacetate
*  *
* *
* *
* * * 
* *
*  *
H= *  *  H=
*  *
* * * *
*
Hs H= *
*  H=
*  *
*
* *
H=
* *
*
❖
*
Hi *
H=
*
* Hi
*
H= H« 
Hi Hs * 
Ht
Ht *
Alcohol s
1- butanol
2- methyl 1-butanol
3- methyl 1-butanol
1- pentanol
2- pentanol 
2-methyl 1-pentanol 
2,2-dimethyl pentan-l-ol
1- hexanol 
trans-2-hexen-l-ol 
cis-3-hexen-l-ol
2- heptanol 
2-cyclohexyl ethanol 
a-terpineol 
linalool
cis-linalool oxide 
trans-linalool oxide 
citronellol
Ht Hi *  Hs
Ht *
H« H«
*  Hi
*  *
Hi Hi
Hi
Hi Hi Hi Hi
H: H= H« H«
*  Hi
H= H:
^i Hi Hi Hi Hi Hi
Hi Hi
Hi Hi
Hi H: 
Hi H«
*
Hi Hi Hi Ht Hi
*  * *  Hi sH *
*  Hi Hi H:
Hi H:
H=
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Tab. 9.3 (contd...)
Compound Identified in 
Distillate
Apple Banana Mango Orange Papaya Pas/fruit Peach
H y d r o c a r b o n s
heptane *
1,1 diethoxyethane * * * * * *
1,1 diethoxyhexane * *
cyclohexane * * * * * * H e * H e H e
docosane * *
benzene H e H e
a-pinene * * *
ß-pinene * *
sabinene * h= *
ß-myrcene h= * *
a-phellandrene * * *
S-3-carene * * *
benzene H e H«
limonene * * * H e H e
calarene * *
5-cadinene * *
a-copaene *
2-butylfuran H e H e
dibutyl ether *
C a r b o n y l s / A l d e h y d e s
hexanal * * * * * *
trans-2-hexenal * * *
benzaldchydc * * H e H e
citral-1 * * * *
citral 2 * * * * H=
citronellal * *
decanal * *
2-methyl undecanal *
dodecanal *
undecanal diethylacetal H e
2-furancarboxaldehyde *
furfural H e
C a r  b o n y  l s / K e t o n e s
methylbutanone 
2-pentanone 
cyclopentanone 
6-methyl 5-hepten-2-one
H e H e
H e
H e H e
H « H e
(* identified by MS or Kovats alone; ** identified by cross referencing with both MS and Kovats 
indices; *** identified by [** ] plus matching with retention time of known standards; Compounds 
highlighted in red type are those which have been reported in other studies as being present in those fruits 
[van Straten & Maarse 1983]).
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9 . 3 . 4  Discuss ion
Biologists used to sample variation often have trouble in accepting that in a reliable 
chemical technique very close agreement between analyses run on the same sample is 
expected and is a normal part of the analytical validation. A chromatographic technique of 
any quality should get within 2-3% reliability on successive runs and most analysts would 
not check this unless there was a known difficulty with the analysis. The percentage 
composition analysis in this study was therefore highly reproducible.
In comparing the spectra of volatiles used in the preference trials with those in real fruits, 
one must bear in mind that the distillates used in the trials were originally extracted from 
real fruits. The use of an extract, or distillate, prepared under controlled conditions 
allowed for consistency of odour stimulus quality in the preference trials. This would 
have been impossible if real fruits had been used as direct odour stimuli, because of (i) 
changes in odour mixture composition with stage of ripening of the fruit and (ii) 
differences in volatile profile according to fruit variety and stage of ripeness, time and 
conditions of storage.
The treatment of the distillates with anhydrous magnesium sulphate had no effect on the 
composition of the distillate after L-N extraction, as had been otherwise suggested45. The 
method of drying organic extracts with sulphates or carbonates of sodium, magnesium, 
and calcium is a standard one used by flavour chemists (Flath & Forrey 1970; Stevens 
et a l  1970; Johnston et al. 1980), where it is well known that it does not interfere with 
odour quality (Weurman 1969; G. Wyllie - pers. comm.46). Nursten and Williams 
(1966) studied the efficiency of such drying agents and found that calcium sulphate 
reduced the water content of their extracts from 1.28% to 0.62% (v/v) and recommended 
a combination of calcium and sodium sulphate drying. Stevens and colleagues (Stevens 
et al. 1970) successfully used magnesium sulphate to dry a guava distillate, with no loss 
of odour quality:- "...after drying the ethereal extract with anhydrous magnesium sulphate...a strong 
guava aroma was associated with the resultant oil". In addition, there is little need for concern 
regarding the filtering process causing adsorption of odour-active volatiles. Flath and 
Forrey (1970) treated pineapple distillate as follows:- "After distillation of the bulk of the 
solvent, the residual solution was shaken with solid NaCÜ3, filtered, and further reduced to a volume of 
approx. 5mL"
No loss of important volatiles resulted from this process, therefore concern about loss of 
volatiles with the technique adopted in the present study is unwarranted. There was a 
remote possibility that some carboxylic acids moved into the water instead of remaining in 
the pentane solvent. In fruit odours however, these acids tend not to be important 
character impact compounds (eg. butanoic acid has a pungent, sweaty, acrid smell, not 
typical of a fruity odour note). The important point to note with this issue is that any 
detectable loss of volatiles to the sulphate drying or filter paper is not significant as far as 
the preservation of odour quality in the distillates is concerned (G. Wyllie - 
pers. comm.46).
p. 6, paras 2 & 3 of Dr L Martin's report on the thesis of A C Oldfield - August 1995. 
Professor of natural products chemistry - Univ. Western Sydney, Hawkesbury.- private 
conversation, July 1995.
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The presence of methylsiloxanes in the apple and banana Scholvien distillates were 
diagnostic of column bleed. This will not be apparent to those unfamiliar with GC 
techniques47, however these compounds usually originate from the GC column at high 
temperatures, particularly when the column is relatively new as was the case in these 
studies. The peaks were not labelled for good reasons, (i) they did not originate from, or 
were related to, the fruit volatile mixtures, (ii) they have no taste or olfactory importance 
and (iii) in these analyses the compounds were so poorly resolved that any attempt to 
identify them as single compounds would have been both difficult and uninformative.
In spite of the distillation process subjecting the plant tissue to high temperatures,followed 
by the drying and filtering treatments, there were volatiles identified in all distillates which 
were characteristic of their real-fruit counterparts. In apple for instance, of particular 
interest was the presence of hexan-l-al, trans-2-hexenal and ethyl-2-methyl butanoate 
which are known character impact compounds (CIC) for apples (Nursten 1977). In 
addition, were the contributory aroma compounds (CAC) of butanol and hexyl butanoate 
(Berger 1991) (although the latter was only present in detectable quantities in the apple 
flesh extract). The CAC and CIC in apple test odour mixture made up 8.34% of the total 
volatiles concentration, considerably higher than the 17ppb (v/v) reported in several 
varieties of Delicious apple essence (Flath et al. 1967), indicating effective concentration 
of the volatiles as a result of the L-N extraction. Of significance in the banana distillate 
were 3-methyl butanol, (a known contributory flavour compound), plus 3 methyl 2-butyl 
acetate and 3 methyl butyl butanoate, known CICs (Berger 1991). Furthermore, pentyl 
and heptyl acetates, butanoates and hexanoates have been linked with extreme fruity 
odours in many banana varieties (Gessner et al. 1988).
Orange distillate volatiles too were characteristic of real fruit. The majority of the odours 
identified have been documented for real fruit (Macleod et al. 1988; Shaw 1991). 
Limonene, linalool, decanal, ß -myrcene and a-pinene are all CFC's, however their 
relative concentrations often determine whether the odour is perceived as attractive or 
irritating (Shaw 1991). The effect of this factor on Pteropus preferences is discussed 
later. Of the 12 papaya volatiles identified in the test odour extract, five have been 
reported in real fruit (Flath & Forrey 1977; van Straten & Maarse 1983; Winterhalter 
1991). None of these, however, were detected in the papaya flesh and skin extracts 
prepared in this study for comparison, although benzyl isothiocyanate (another known 
papaya volatile) was present in both flesh and skin - but not distillate. Benzyl 
isothiocyanate is a typical representative of an "enzymatically induced volatile", formed 
by ß-thioglucosidase activity from glucosinolates after disruption of cell tissue 
(Tang et al. 1972). It therefore appears that immediate storage at -80°C prior to 
homogenisation of the fruit tissue was insufficient to prevent some enzymatic breakdown 
from occurring. The original distillates acquired from Scholvien (GmbFI, Germany) 
were subjected to pre-treatment with methanol, a standard method used in other studies 
(Tressl & Drawert 1973), in order to inhibit enzyme activity. Linalool oxide was present 
in the distillate in a relatively high proportion (2.1% total concentration). This was due to 
storage after processing and was probably converted from linalool which is usually more 
abundant (Winterhalter 1991). A sa  result, the original test odour distillates would have 
been unaffected by such enzymatic changes, and therefore the main preference trials 
presented representative fruit odours to the bats in the tests conducted.
p. 7, lines 2 & 3 of Dr L Martin's report on the thesis of A C Oldfield - August 1995.
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Low-boiling compounds which usually correlate with fruity and woody notes were tested 
further with Gas Chromatography-Olfactometry (Sec. 9.4), but appeared not to detract 
from the characteristic peach odour of the distillate. Passionfruit too was confirmed on 
identity of character impact or flavour compounds. Test odour mixture and fruit flesh 
contained six common volatile peaks. The presence of thirteen characteristic volatiles in 
the test odour extract, three of which, linalool, a-terpineol and hexanol, (also identified in 
fruit flesh and skin extracts) are known to contribute to the characteristic odour notes in 
this fruit (Chen et al. 1982; Winterhalter 1991). Therefore, although superficially the 
passionfruit GC-MS traces look different, they do contain important essential elements of 
the "odour backbone" of the real fruit.
The only difficulty arose from analyses of mango fruit and flesh extracts. The distillate 
had a low volatile yield, but it was clear from the lack of success with fruit and flesh that 
control of lipoxygenase activity with methanol treatment was not successful. Askar 
(1987) commented that after subjecting mango fruit to distillation the aroma was "totally 
lost". Mango odour volatiles are very sensitive to heat treatment, and many of the 
characteristic lactones were lost in the distillation process. In addition, the volatile 
concentration of the starting Sholvien distillate was low, which meant that together with 
the GC-MS solvent delay of 4.5min, those low-boiling volatiles which were present in 
the distillate would have been injected onto the GC column prior to the FID being 
switched on. As a result they would have been absent from the TIC. Irrespective of the 
difficulties with the analysis of mango extracts, of the seven peaks identified five have 
been documented as being present in mango aroma (van Straten & Maarse 1983; Macleod 
et al. 1988). It is therefore not the absolute number of peaks isolated and identifies that 
adds to the probability of a match between real fruit and test odour, but the occurrence of 
characteristic peaks which is significant.
It is important to note, however, that comparing actual volatile concentration values at this 
stage would have been uninformative, as each analysis represented a direct injection of an 
enhanced L-N extract. The comparability with the headspace from which the bats would 
assess the odour quality still had to be determined along with qualitative olfactometry. It 
was to these items that further attention was given
9.4  Experiment 3: Headspace-GC-Olfactometric Analyses of Fruit Odour
Mixtures
9.4.1 Introduction
Lamparsky (1985) suggested that it is only odorous molecules which are in the gaseous 
atmosphere around source material that are actively perceived. In static olfactometry, as 
utilised in the preference experiments in this study, the actual stimulus resides in the 
gaseous headspace above the test odour solution. The concentration of odourant in a test 
odour solution usually determines the headspace volatiles concentration and it is not 
always the most prevalent volatile in an odour mixture which determines its character. 
Differences in flavour and odour quality are often related to very small differences in 
chromatographic peak relations (Kolb 1985). In addition, the TIC outputs alone do not 
always inform as to the components which elicit an olfactory response behaviour in the
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test animal. When eluting GC peaks have been collected from an odour mixture, and 
subsequently sniffed, there is not always a detectable odour. Conversely, it is not 
unusual to observe the elution of an odour from a GC column at a retention time when no 
detectable volatiles can be observed using objective measurements such as FID (D. Leach 
- pers. comm.48).
It was therefore necessary to (i) determine whether volatile components previously 
identified in the liquid phase were present in the gaseous phase which the bats were 
sampling, and (ii) undertake an olfactometric analysis to identify those areas of the GC 
trace where major odour notes were present. To satisfy these questions and to complete 
the confirmation of the representativeness of the test odour mixtures, the following 
analyses were undertaken.
9.4.2  Materials and Methods
(a) HS-GC of Fruit Odour Distillates
For each fruit distillate, l.OmL was pipetted into a glass headspace vial together with 
0.5mL tridecane internal standard (15mL in 50mL hexane), which was then sealed prior 
to incubation. Orange distillate was diluted 1:500 prior to pipetting for analysis to reduce 
the risk of column overload with limonene. Sample vials were loaded into a HP 19395 A 
headspace sampler and incubated at 35°C for 40 minutes prior to auto-injection of 1 .OmL 
headspace onto a non-polar (J&W DBI, 30m x 0.32mm x 0.32mm film thickness) 
column into the GC (HP5890A) to which the sampler was coupled.
Run conditions were: no solvent delay; initial temperature 35°C; hold 0.5min; program 
rate 1: 5°/min to 70°C, zero hold; program rate 2: 10°/min to 200°C then 2.0min final 
hold. Carrier gas was helium at lOpsi. Whilst a sample was being analysed, the next 
sample vial was incubating, therefore all samples could be analysed in a single machine*- 
run to reduce any variability due to fluctuations in machine conditions between days. GC 
output was analysed by % area and absolute area counts to determine the relative 
contributions of odour volatiles and solvent to the overall profile. In addition, total 
headspace volatiles concentration (minus solvent and tridecane standard) was calculated in 
an attempt to compare concentrations with positions in preference hierarchies for each of 
the Pteropus species data from the main preference trials.
(b) GC-Olfactometry (GCO) of Fruit Odour Mixtures
For the GC effluent sniffing experiments it was impractical, due to the need for transport, 
re-housing and training, to use the bats as indicators of response to different odour notes 
within the mixture. It was therefore decided to use human volunteers to describe 
characteristics to the GC effluents to confirm or refute the validity of the direct injection 
GC data.
Lecturer in natural products chemistry, Univ. Western Sydney, Hawkesbury - private conversation.
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In the GC effluent sniffing experiments the test odour mixtures were chromatographed 
using a Pye Unicam GCV. The outlet from a non-polar column (J&W DBI 30m x 
0.32mm i.d., 0.32mm film thickness) was divided 1:1 using an outlet splitter (SGE, 
Australia) with one arm connected to an FID detector and the other to a sniffing port 
(SGE, Australia) flushed with humidified air at 500mL/min (Fig. 9.9). Chromatographic 
conditions were: initial temperature 60°C; initial time 5min, program rate 5°C/min; final 
temperature 200°C; injector temperature 220°C; detector temperature 220°C; carrier gas 
was nitrogen at lOpsi.
GCO techniques are well established and a detailed description of the methodology is 
unwarranted at this point. The method used in this study was one where the experimental 
subject (Ss) (a human volunteer) rated the intensity of an odour eluted from a GC with a 
time-intensity device, thus producing and odour-response peak at the time of elution of 
the GC peak. In addition, verbal descriptors used in similar studies (Gholap et al. 1986; 
Mair & Brunke 1988; Rizzolo et al. 1992) were also assigned to response and GC peaks, 
as well as the Ss being instructed to add their own descriptions of the odours in the event 
of a descriptor provided being inadequate to describe the odour. This method equated to 
that outlined and standardised by Miranda-Lopez et al. (1992) except that the response 
was recorded in parallel with the FID using the second channel of a computing integrator 
(DAPA Scientific Pty Ltd, Perth, Australia), a modification developed and described by 
Wyllie and colleagues (Wyllie et al. 1995). The resultant olfactogram contained a series 
of peaks which recorded the odour intensity and time of response. Descriptors of each 
response were recorded during each run on a tape recorder which was subsequently 
synchronised with the olfactogram.
For each test odour sample, 1.5mL was injected into the GCV and sensory responses 
assessed by three volunteers, each of which had been subjected to previous GC runs with 
either no injection or solvent alone in order to control erroneous olfactory responses. As 
cross-modal matching is a standard technique well known to odour and flavour chemists, 
the reader is referred to several important papers for a detailed description of the method 
(Selke et al. 1972; Miranda-Lopez et al. 1992; Wyllie et al. 1995).
9 . 4 . 3  Results
The GC profiles for the headspace volatiles in fruit odour mixtures are shown in 
Fig. 9.10. Alongside each trace is a value of percentage composition by peak area of 
odour volatiles (excluding C 13 standard and solvent). In all cases a solvent tailing 
problem was apparent for the headspace samples. Orange and apple headspaces had the 
largest representation in proportion to total headspace volatiles concentration (> 10% and 
9.58% respectively). Of the remaining odour mixtures only banana and mango odour 
volatiles exceeded 0.1% (0.24% and 0.13% respectively), with papaya, passionfruit and 
peach volatiles being present in only trace amounts (0.09%, 0.09% and 0.05% 
respectively). Calculation of headspace volatiles concentrations from tridecane standard 
areas revealed that for some odour mixtures the percentage area contribution was not 
correlated with concentration (Tab. 9.4). Of particular note was orange odour mixture, 
which had in excess of 10% concentration by area and yet only 3.13±0.37 (std.dev.)
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Ranking the odour mixtures by % total peak area and by headspace concentration shows 
that, by virtue of large differences in orange and banana mixtures, the two ranks were not 
significantly correlated (p=0.19, p>0.05; spearman's test for tied ranks). Comparison 
of preference rankings for each species also indicated a lack of significant correlation 
between headspace volatiles concentration and rank odour position (P. poliocephalus 
p=0.04, p>0.05; P. alecto p=0.04, p>0.05 and P. scapulatus p=0.19, p>0.05; 
spearmans p for tied ranks).
GCO traces for all test odours used in the preference trials indicated instances where 
relatively large peaks on GC failed to produce an olfactory response. The reverse case, 
where olfactory responses were recorded in parts of the GC trace where no peaks were 
present was also reported (Figs 9.11 to 9.17). All cases with a match between GC peak 
and odour response were asterisked, yet there were occasions in most samples where a 
change in the odour quality was detected but the Ss unable to ascribe an appropriate 
verbal description of the odour peak. On these occasions the Ss indicated the presence of 
such "undescribed peaks" by the word "change" (eg. Fig. 9.11, peaks 4, 8 and 11). 
Apple (Fig. 9.11) mixture produced a large number of peaks with an ester note, although 
the first ester-typical peak was not detected until 4 minutes in to the GC run after the 
solvent peak had passed through the column. Underneath the solvent peak were caramel 
and fruit-typical odours with one undescribed peak. In total 15 peaks were detected, with 
the strongest olfactory response being produced for peak 12 and yet this peak was barely 
distinguishable from the baseline GC trace. This peak was likely to be a hexenal which 
preceded an ethyl butanoate peak, comparable with peaks 5 to 7 in Fig. 9.3a. All of 
peaks 1 through 10 were contained within the solvent tail, however this did not detract 
from odour detection as measured by the olfactogram beneath the GC trace.
Banana test odour (Fig. 9.12) also initiated a large olfactory response, with 20 GC peaks 
having odour descriptors assigned to them. Eight of these peaks were underneath the 
solvent peak and tail, and the largest intensity olfactory response was for peak 7 (73% 
f.s.d.) which corresponded with a small GC peak in the region associated with 3-methyl 
butanol in Fig. 9.4a. With the exception of peaks 1 and 8 in Fig. 9.12 the GC peaks 
producing the most intense olfactory responses (7, 11, 13, 18) were relatively small. The 
extreme cases were peaks 11 and 22 (28% and 19% f.s.d.) which were undetected on the 
GC trace and yet produced significant GCO intensity traces.
Mango GC (Fig. 9.13) revealed few GC peaks, as was the case in the previous GC-MS 
analyses (Fig. 9.8c). GCO was more informative, with four out of five odour response 
peaks being associated with the GC trace. All of the GCO peaks resided beneath the 
solvent tail, with the largest, peak 2 (33% f.s.d.) being the solvent itself. Peak 4 (21% 
f.s.d.) described as "fruity/mango" was also a major GC peak and corresponded with 3- 
methyl butanone in Fig. 9.8c.
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Fig. 9.10 (p. 209-210) GC traces of l.OmL on-column injection of headspace
samples for test odours used in Pteropus preference trials.
(a) Apple
(b) Banana
(c) Mango
(d) Orange
(e) Papaya
(f) Passionfruit
(g) Peach
(alongside each GC trace is (i) a percentage value for the composition of odour volatiles 
in the sample injection, and (ii) an x-y axis scale showing absolute abundance of the 
peak components [output from FID] (y-axis) and a time scale representing time elaspsed 
after sample injection (x-axis); traces a-c have the same axis values and are therefore 
only shown in trace "a").
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Tab. 9.4 Concentration of volatiles in the headspace above test odour distillates in 
relation to position in the preference ranks expressed by three Pteropns 
species.
Test odour Total volatiles
concentration
(pg/mL+/-s.d.)
Score (HDR)
P. poliocephalus P. alecto P. scapulatus
EtOH 913.09 +/- 1.03 4 1 3=
Apple 67.28 +/- 0.78 8 6 3=
Banana 13.38 +/- 0.21 1 4 7=
Peach 8.43 +/- 0.59 3 2 1
Papaya 5.12 +/- 0.08 6 5 2
Orange 3.13 +/- 0.37 5 3 7=
Passionfruit 2.82 +/- 0.08 7 8 3=
Mango 2.70 +/- 0.40 2 1 6
Blank nil nil 9 9
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The most pronounced GC and GCO responses were those for the orange test sample 
(Fig. 9.14). Of 19 GCO peaks identified, 14 were associated with a peak in the upper 
GC trace. GCO peaks 2, 8, 11 and 16 all produced 100% f.s.d. responses, with peak 11 
remaining at this level for 0.3 min. This peak corresponded to ö-3-carene in Fig. 9.5a, 
and was described as "weak orange". GCO peak 8 was also described as having a 
"citrus/orange" odour, and was likely to have coincided with GC-MS peak 4 (Fig. 9.5a), 
ie. ß-myrcene. Significantly, GCO peaks 17 and 19 in Fig. 9.14 reached 43% and 25% 
f.s.d. respectively and yet were indistinguishable from background noise on the GC 
baseline.
Components of papaya test odour mixture were poorly resolved by GC alone 
(Fig. 9.15), with only seven peaks identified and assigned an odour descriptor. A total 
of 12 GCO peaks were described of which peaks 3 and 6 were masked by the solvent 
tail. GCO peaks 9, 11 and 12 (5%, 10% and 11% f.s.d.) were indistinguishable from 
the GC baseline. GCO peak 4 (77% f.s.d.) was the largest odour intensity response, 
albeit contained underneath the solvent tail. A characteristic terpene-like GCO response 
peak 8 (46% f.s.d.) was the most closely associated with a papaya odour note.
Passionfruit mixture produced 18 GCO response peaks (Fig. 9.16), nine of which were 
matched to peaks in the GC trace. As with other traces, many GCO responses were 
present underneath the GC solvent peak and tail. GCO peak 7, described as 
"flowery/freesia like" produced the most intense odour response (78% f.s.d.). This 
corresponded with cyclopentanone (peak 6) in the GC-MS analyses (Fig. 9.8a). GCO 
peaks 6, 8, 9, 12, 13, 16, 17 and 18 (16%, 10%, 7%, 20%, 11%, 14%, 34% and 6% of 
f.s.d. respectively) were all indistinguishable from the GC baseline. Peak 11 was 
described as being characteristically passionfruit in nature, and yet was only a small GC 
peak and produced a 14% of f.s.d. response on the GCO.
The peach odour mixture (Fig. 9.17) was better resolved on the GC than papaya. Five 
GC peaks underneath the solvent peak had associated odour descriptors on the GCO 
trace. The largest odour peak, peak 1 (55% f.s.d.), was ascribed to the solvent. The 
remaining significant olfactory peak, peak 9 (23% f.s.d.) described as "flowery", shared 
the same retention time as the "rose/floral" peak 9 in the passionfruit sample (Fig. 9.16). 
Peach GCO peaks 6 and 10 (9% and 3% f.s.d.) were indistinguishable from the GC 
baseline and yet were described as "acrid and irritating" and "lactone" - descriptors not 
previously assigned to any other odour mixture components.
In all except the orange distillate, a characteristic "caramel" peak was reported underneath 
solvent peaks with a retention time of approximately 3 min. This was, however, never 
found to be a dominant feature in terms of odour intensity responses.
Orange (Fig. 9.14), Passionfruit (Fig. 9.16) and peach (Fig. 9.17) produced a number 
of terpene-like and floral notes at higher temperatures. In every case, exemplified by 
banana and mango, there occurred several fruity/estery notes underneath the solvent peak 
which could not be identified due to failure to separate them from the solvent peak.
212
21 = solvent 
*2 = fruity 
*3 = caramel 
*4 = change
5 = fruity/estery
6 = strong apple
*1 = peardrops/citrus 
*8 = change 
9 = estery
* 10 = estery/fruuity/peardrops
*11 = change
*12 = strong estery
*13 = estery
*14 = change
*15 = change
Fig. 9.11 Sniffing chromatogram of Apple aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown)
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* 1 = change
2 -  solvent
3 =caramel/bumt 
*4 -  caramel/bumt 
*5 = change
*6 = fruit
*7 = fresh fruit/crisp 
*8 = fruity 
9 = banana/estery
10 = caramel
11 = ester 
*12 = change 
*13 = clear/ketone 
*14 = banana 
*15 = change 
*16 = change
17 = banana 
*18 = change/spice 
19 = peach/1 actone 
*20 = change
21 = change
22 = change
Fig. 9.12 Sniffing chromatogram of Banana aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descripior are asterisked; 10% full scale deflection for odour 
intensity shown)
2 4
5
solvent 
fresh 
caramel 
fruity/mango 
sweaty
2
* 1  =  
*2 =  
3 = 
*4 = 
*5 =
2 min
10% 
f sd
Fig. 9.13 Sniffing chromatogram of Mango aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown)
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*1 = orange 
*2 -  solvent 
*3 = change 
4 = fruity 
*5 = change 
*6 = change 
* 7  = fruity/ester 
*8 = citrus/orange 
*9 = stringent citrus 
*10 = very strong terpene 
* 11 = weak orange 
12 = change 
*13 = musty 
14 = green leaf 
*15 = peppermint 
*16 = change 
17 = change 
*18 = change 
19 = change
Fig. 9.14 Sniffing chromatogram of Orange aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown) ^ I s
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= fruity 
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= fruit/estery
*5 = change 
6 = fruit 
*7 = fruit 
*8 = terpene 
9 = estery 
*10 = citrus
11 = stewed apple/cooked fruit
12 = burnt
Fig. 9.15 Sniffing chromatogram of Papaya aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown)
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* 1 = solvent + fru it 
2 = caramel
* 3 - ester 
*4 = fruity
*5 = fresh change 
6 = estery 
*7 -  flowery/freesia
8 = citrus
9 = rose/floral 
*10 = change
*11 = fruit/passionfruit
12 = soapy
13 = acrid change 
*14 = cooked fru it 
*15 = peachy
16 = peachy
17 = fru ity
18 = fruity
Fig. 9.16 Sniffing chromatogram o f Passionfruit aroma used in the Pteropus 
preference trials. Upper trace shows the elution of volatile peaks on the 
GC, lower trace shows the perceived odour intensities of some o f the 
volatile components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown)
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*1 = solvent/fruit 
*2 =  caramel 
*3 -  change 
*4 = fruity 
*5 = change 
6 = acrid and irritating 
*1 -  estery 
*8 - peach 
*9 = flowery 
10 = lactone 
*11 = change
Fig. 9.17 Sniffing chromatogram of Peach aroma used in the Pteropus preference 
trials. Upper trace shows the elution of volatile peaks on the GC, lower 
trace shows the perceived odour intensities of some of the volatile 
components of the odour.
(GC peaks with an odour descriptor are asterisked; 10% full scale deflection for odour 
intensity shown)
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9 . 4 . 4  Discuss ion
A substance present at only trace levels can, if the odour threshold is low enough, still be 
responsible for the characteristic aroma of a fruit. Fruit flavours and odours are often 
present in concentrations below 30ppm (fresh fruit) and concentrations of single volatiles 
may vary from ppm to sub-ppb (Berger 1991). At these levels often the odours are 
detected by the mammalian nose but are beyond the detection capabilities of many 
physiochemical instruments. That 27 of 80 olfactogram peaks (34% of all odour 
responses) in this study were not detectable in the GC analyses unequivocally supports 
the use of this GCO technique as being invaluable in the identification of test odour 
mixture components with potential olfactory importance.
Often steam distillation methods employed in isolating essential volatiles subject the 
parent material to conditions that corrupt the composition of the original plant material 
(Maarse & Beltz 1981). As a result, the organoleptic properties of the natural material are 
sometimes not reproduced (Surburg et al. 1993). The presence of the olfactory peaks in 
this study, whether GC correlated or not, indicated that some organoleptic properties of 
the original test fruits had been retained and uncorrupted by the steam distillation - 
extraction treatments.
Olfactogram traces were comparable across all three Ss. The reproducibility of this 
method has been reported elsewhere (Piggott 1990; da Silva et al. 1991), and therefore 
consideration of more replicates was not at issue in this study. It is possible, however 
that the Ss could have been influenced in their description of the detected odours by the 
list of named descriptors provided by the experimenter. This was why the names used 
were taken only from those reported in previous studies similar fruits (McCarthy et al. 
1963; Gholap et al. 1986; Mair & Brunke 1988; Miranda-Lopez et al. 1992; Rizzolo et al. 
1992), so that results were comparable.
It was presumably the 'minor' peaks which were the essential compounds giving the test 
stimuli their characteristic odour as ethanol was merely the extracting solvent used in the 
distillate preparation. GCO revealed that several important 'minor' peaks appeared 
underneath the ethanol peak, and yet the Ss were still able to discriminate between them. 
Such 'minor' compounds were termed "character impact compounds" (CIC) by Nursten 
(1977) who used them to classify different food types according to odour content:-
(i) those fruits whose aroma resides largely in a single compound (CIC);
(ii) those whose aroma is essentially due to a mixture of a small number of 
compounds, a CIC may be present;
(iii) those where the aroma can only be reproduced by the use of a large number of 
compounds, a CIC is unlikely to be present;
(iv) those where aroma can not be reproduced or associated even with a complex 
mixture of specific compounds.
Banana, Apple and Orange samples were easily identified by the Ss, as evidenced by the 
descriptors given (eg. banana-like, estery, stringent citrus). These fruits also belong to 
Nursten's groups (i) and (ii). The remaining fruits are typical of groups (iii) and (iv), and 
this may have led in some cases to some difficulty in assigning appropriate verbal
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descriptors to olfactogram peaks in these odour mixtures. Mango was a typical example 
of this scenario. Although a "fruity/mango" peak was described, the absence of the more 
characteristic coconut-like and almond-like odour notes, originating from a wide range of 
lactones and aldehydes, might have reflected the removal of these "late-ripening" volatiles 
(Gholap et al. 1986) during extraction stages.
9 .5  Conclusions
1. All test odour stimulus mixtures used in the Pteropns preference trials were 
analysed using GC to reveal volatiles characteristic of the real fruits in each case. 
Therefore the distillation-extraction procedures had not significantly corrupted the 
composition of the odour mixtures.
2. Non-solvent volatiles analysed by direct injection of test odour solution indicated 
few peaks which contributed more than 0.1% of the total volatile concentration of 
the mixture.
3. Headspace analysis revealed that non-solvent volatiles were highest in apple odour 
(under test conditions) at 67.28±0.78ppm with a downward progression through 
banana, peach, papaya, orange, passionfruit and mango at 2.70±0.40ppm. Only 
apple and banana headspace exceeded lOppm.
4. There was no calculated correlation between headspace volatiles concentration and 
fruit odour ranks from preference trials for any of the three Pteropus species under 
study.
5. GCO analyses consolidated the initial confirmations of fruit identity based on GC- 
MS analyses and indicated that qualitatively the fruit test odours were representative 
of the real fruit volatiles. This validated previous comments regarding Pteropus 
odour preferences and those for real fruit.
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IV .I l l  General Discussion
The principle aim of the chemical analyses in this section was to establish whether the 
test odour distillates were comparable with those of real fruit and therefore allowed for 
comment on the likely responses of bats to real fruit odours. On the basis of content of 
fruit-typical volatiles alone there was convincing evidence that this was so.
The definitive test of representativeness was that of the GCO analyses. To dispel any 
doubts raised from the GC-MS analysis the GCO essentially was a switch to the most 
sensitive detector of all ie. the human nose. Many studies have emphasised the 
importance of olfactory investigation as opposed to purely chemical investigations, to 
confirm quality of an odour mixture sample. Kolb (1985) described the importance of 
GCO as follows, "..differences in the flavour, which might be quite obvious to the 
human nose, are often only related to very small differences in chromatographic peak 
relations...the human nose is the ultimate sensor".
By establishing that the fruit odour mixtures used in the preference trials were 
representative of real fruits and showed few signs that the odour quality (at least by 
chemical composition and as judged by human observers in GCO) had been 
compromised, the experiments have demonstrated that the comments and comparisons 
regarding odour and fruit preferences made in the previous chapter are legitimate. That 
there was no correlation between headspace volatile concentrations and position in 
preference rank is not surprising either. Total volatiles concentration of odour mixtures 
does not translate to stronger preferences according to the evidence found in the present 
research. Combined with previous observations for P. scapulcitus and P. alecto, it 
suggests that although relative concentration changes can affect preferences in dyadic 
comparisons at concentration values below those used in the main trials, at normal 
concentration levels the rank differences between test odour mixtures are unaffected 
across the whole rank for a given species.
This again points towards a comparative evaluation based on odour quality rather than 
response to specific supra-threshold quantities of volatile odours. In addition, apple and 
banana both had high representations of esters and alcohols as a proportion of their total 
number of volatile components (Tab. 9.3). Many odorous molecule 'osmophores' (Rupe 
et al. 1900) are associated with functional groups such as carbonyl, hydroxyl and ether 
(Ohloff 1986). However, it would be unwise to assume that the presence of a functional 
group is a conditio sine qua non for olfactory perception. Even alkanes such as 
cyclohexane and docosane, present in all odour mixtures except apple and orange, can 
have distinctive odours. It appeared that the high incidence of relatively low boiling 
volatile components in the olfactograms and headspace traces were not the determinants 
of high preference, irrespective of species. For example, apple was high in low-boiling 
volatiles with a concentration of 67.28±0.78 pg/mL (ppm) and yet it was relatively 
poorly placed in the preference ranks in all three Pteropus species. The chemical analyses 
again pointed to the likelihood that qualitative rather than quantitative properties of the 
odour mixtures would influence preference behaviour.
The plasticity inherent in the odour preference behaviour of these bats, demonstrated in 
Section III, combined with the probability of the bats using a comparative evaluation
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method for determining discrimination and responses, means that odour preferences are 
difficult to predict for these bats.
It is interesting to again note the observation of the involvement of orange odour in 
circular triads and its dominance in the profile by area % and GCO responses. Although 
total concentration was low (3.13±0.37 pg/mL) this was for a 1:500 dilution of that 
odour mixture, which translates to a 1565|ig/mL concentration if the activity coefficients 
for the component volatiles allowed for a 1:1 proportionality between liquid and gaseous 
phase (Cain 1992). At these levels, the limonene component would be in excess of the 
150ppm reported by Shaw (1991) to add an unpleasant flavour, and much greater than 
the 0.02%(v/v) which contributes towards a bitter, sometimes burning sensation in the 
oral cavity. The GCO for orange was complex and those peaks associated with limonene 
(peaks 9 and 10, Fig. 9.14) were reported as being particularly astringent. It is possible 
that either this or the complexity of the mixture interfered with the evaluation in a paired 
comparison for P. poliocephalus and P. scapulatus, and warrants further investigation.
Laboratory studies are never perfect. The eminent medical microbiologist, Cyril Thomas, 
once said, "Although we sanguinely hope that the laboratory will answer our questions 
with a dogmatic "yes" or "no"; its usual answer is "perhaps". The three-stage analyses 
of the odour mixtures here presented have gone further than a "perhaps" in establishing 
that the mixtures used in the preference trials were indeed representative of the real fruits. 
"Perhaps" Thomas would have benefited from a collaboration with a good analytical 
chemist.
223
SECTION V: GENERAL DISCUSSIONS
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V .I Introduction
The philosopher and thinker, Theophrastus, in his treatise entitled 'Tcepi oapcov' 
(Concerning odours) succinctly captured the essence of olfactory experience when he 
stated
"Odours in general, like tastes, are due to mixture ... fo r  anything which is 
uncompounded has no smell" (Hort 1916).
It is somewhat surprising that several hundred years later, in a collection of contemporary 
wisdom from sages of olfaction, it was suggested that studies on responses elicited by 
pure single-odour compounds were difficult to relate to the 'natural' behaviour of 
animals, and that study of odour mixtures was where future research should be directed 
(Laing et al. 1991). It was concluded that up to that time, knowledge of how humans and 
non-human animals perceived odour mixtures still remained a mystery (Laing 1991). So 
how far have we, as scientists and philosophers, come since Theophrastus? What can be 
learned from the patterns of preference for fruit odour mixtures in the Pteropus species 
investigated in this study and how can these observations fit into existing ideas on the use 
of olfactory cues by these species?
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C hap ter  10. Cogitations on Pteropus  O lfactory Behaviour
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10.1 A Role for Olfaction in Pteropus Foraging? Then and Now.
Although Australian Pteropus have been described as having a "catholic phytophagous 
diet", the forest landscapes in which they forage are contracting in area and becoming 
fragmented (Eby 1995). They are also heterogeneous, with many of the 'preferred' tree 
species for pteropodids growing in multi-species communities (Boland et cil. 1984). 
Furthermore, some food sources such as nectar and pollen from eucalypts are temporally 
variable and are hence an unpredictable resource for many pteropodids. Australian 
Pteropus (with the possible exception of P. conspicillatus) are therefore faced with the 
difficult prospect of maintaining food intake. In order to do this, they must (i) efficiently 
locate a potentially profitable food resource patch, (ii) assess the quality of the patch, and 
(iii) select appropriate food items from within that patch.
The large-scale movements of Australian Pteropus are thought to be related to changes in 
food resource availability (reviewed in Richards 1995), but the mechanisms by which 
they locate the unpredictable food sources are unknown (Eby 1995). Much evidence has 
emerged from studies on phyllostomid bats (reviewed in Chapter 2 of this thesis) that the 
use of visual and olfactory cues are major contributors to their foraging success. These 
observations, combined with earlier statements for Australian Pteropus (Ratcliffe (1931) 
and for P. giganteus (Möhres & Kulzer 1956) that olfaction is essential for food location 
and selection has led to this becoming generally believed for all Pteropus species.
The belief in the importance of olfaction has been based largely on anecdotal and 
anatomical evidence. This appears to have been a classic case of "acceptance by 
continuous repetition" of earlier, unsubstantiated claims of the olfactory abilities of 
Australian Pteropus species. On the basis of the anatomical evidence one could speculate 
that Australian Pteropus are olfactarily capable. It is, however, extremely difficult to 
draw correlations between anatomy and behaviour where olfaction is concerned (Quiatt & 
Reynolds 1993) and therefore without corroborating evidence form controlled studies, 
such speculation remains untenable. The literature is replete with sweeping statements 
on the olfactory prowess of Australian pteropodids in relation to food location (Ratcliffe 
1931; Armstrong 1979; Hall 1987; Hall & Richards 1987; Loebel & Sanewski 1987; 
McCoy 1990; Richards 1990b, 1995; Eby 1991b, 1995; Hall & Pettigrew 1995), yet in 
none of these papers were there any references made to controlled behavioural studies to 
support their views. Fortunately, some scientists were more guarded in their statements 
related to olfaction in Australian Pteropus. Tidemann and Nelson (1987) noted that one 
can "only speculate that smell and vision are involved" (in food location) and Martin 
(1987) stated that "...senses of taste and smell are poorly understood in Australian 
Pteropus”. Only Nelson (1965b), Waldon (1992) and Carman (1993) have undertaken 
preliminary behavioural investigations olfaction in these animals, but even in these cases 
there was no fine control over stimulus quality or delivery.
So, what are the current ideas on olfaction and Pteropus foraging? In order to locate a 
food patch and then select food from within that patch a bat must search. Part of the 
searching phenotype of the bat is genetically based, but natural selection will act on the 
information processing mechanisms that underlie the bat's decision making. It is not 
therefore the gross behaviours of the bat that are critical to the fitness of the animal but the 
mechanisms acting at the "point of choice" towards the latter stages of the foraging
227
process when the bat is making decisions on the selection of food items for consumption. 
Decisions are influenced by the quality and integration of incoming sensory information , 
so it is plausible that switching sensory modalities under different foraging environments 
might improve foraging efficiency. In this vein, Richards (1990b) proposed a two-tier 
system for Pteropus foraging, where the sensory cues used by the bats are dependent on 
the type of habitat over which they are foraging. This system predicts that when a bat is 
foraging over rainforest then it will be visually dominant and not use odour information to 
locate food, whereas when foraging over eucalypt forest "both olfactory and visual cues 
are well accommodated and food is found easily" (Richards 1990b).
This model was built on observations that (i) the majority of rainforest fruits examined 
were pale in colour and visually contrasted markedly with the background vegetation (ii) 
the observer was unable to detect an odour in any of the sampled rainforest fruit and that 
eucalypt odours were easily detectable. Several tenuous assumptions underlie Richard's 
interpretation:- (i) that human observers have a similar spectrum of olfactory sensitivity to 
plant derived odours as Pteropus species, (ii) humans and Pteropus have similar olfactory 
acuity and (iii) Pteropus find rainforest fruit and eucalypt flower odours attractive. Little 
evidence has yet been produced to support these assumptions, in fact the opposite is 
indeed the case. Many rainforest fruits do have detectable odours even when in tact. 
Numerous members of the genus Ficus are known to produce odours to attract foraging 
animals (Smilianick et al. 1978). Two genera listed by Richards as being odourless 
(Ficus and Eugenia), were noted by Sedgeley and Griffin (1989) as odour emitters fitting 
the characteristic pattern described by van der Pijl (1982) for a bat-dispersed fruit. 
Damaged and over-ripe fruit (and therefore smelly according to Richards) will be ever 
present in a rainforest. As a result, rather than bats not using olfaction because 
undamaged fruit is not fragrant, the bats are likely to be continually bathed in an odour- 
rich environment when foraging just above and within the forest.
Knudsen and Tollsten (1995) referred to flower-visiting bats as "...having a well 
developed sense of smell for remote location and good night vision for close range 
orientation". This appears to be in agreement with the generally held views that odours 
are important for long-distance movement of Australian Pteropus, although Richards 
suggest vision here too.
That P. poliocephalus, P. alecto and P. scapulatus all are able to detect and discriminate 
between odour mixtures under controlled conditions means that they have the potential to 
use this ability at several late stages in their food search behaviour. The focus of this 
thesis has been on the close-range use of odour cues by Pteropus species. It is the 
contention here that the detection and discrimination of olfactory cues from food plants is 
most critical close-range rather than long-distance. The broad-scale, seasonal movements 
of Australian Pteropus are therefore not included in this discussion. Close-range 
orientation refers to that used within or immediately above a feeding tree(s) after the bat 
has used visual and olfactory information to locate a feeding resource patch. The use of 
olfactory cues is assumed for all bats whether they be residents/ raiders (Richards 1990b, 
1995) or residents/ nomads (Eby 1995).
All three Pteropus species in this study alter their preference patterns when odour pair 
combinations are changed. This contextual choice (comparative evaluation) indicates that
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these bats, when within a tree canopy and selecting food items, possibly choose on the 
basis of the olfactory context within which the food item is presented, as well as any 
innate preferences which the bat might have for a particular food item. Eby (1995, p.36) 
implied in an indirect reference to resource depression and energy maximisation, that 
Pteropus foraged optimally (Charnov 1976b). The only evidence for optimal foraging in 
bats was for Leptonycteris sanborni (Howell & Hartl 1980), which was subsequently 
heavily criticised (Schlüter 1981). The fundamental currency of optimization is for an 
animal to "maximise it's expected utility" (Stephens & Krebs 1986). For a flying-fox 
feeding within a mixed species patch what this means is that the bat should always choose 
an option with a higher expected gain than lower value food items. Thus if food odours 
convey information about food quality (nutritional, palatability etc), then those higher on 
the preference rank should always be selected and preferences should therefore be 
transitive to avoid the expected utility theory being violated (De Groot 1970).
The existence of intransitivity of odour preferences in all three Pteropus species in this 
study suggests that Pteropus do not conform to an optimal model in their food choice 
behaviour. If making decisions optimally increases fitness, then the intransitivity in 
Pteropus preferences could be considered to be maladaptive (Real 1991). Shafir (1994) 
however, argued that foraging animals must constantly evaluate multi-dimensional 
alternatives when making feeding decisions, and that strong selective pressures would 
surely favour a mechanism that is efficient in multidimensional choice, such as 
comparative evaluation. The comparative odour evaluation model therefore allows 
Pteropus to take full advantage of the spatially and temporally heterogeneous feeding 
environment in which they find themselves and assess the best feeding options as and 
when they arise.
This study had therefore given an indication of the potential for olfaction to be utilised by 
bats at the pint of choice of an odour option associated with a food item. Each species 
appears to critically evaluate the odour mixture alternatives prior to expressing a 
preference in the form of consumption of a food item. Thus in short range 
discrimination, odours are important. Based on previous reports and findings from this 
study it is likely that by the time the bat has landed in a feeding tree it had already made a 
preliminary assessment of the likely value of the food items within that tree, but continues 
to comparatively evaluate and analyse the odour mixtures at close range prior to 
consumption. Such an analysis right down to the choice of a food item is critical for 
frugivores to increase their foraging efficiency and also to help them avoid consuming 
toxic food items. Many primates have been observed sniffing fruits, leaves and flowers 
prior to consuming them. Howler monkeys, for example, sniff leaves as an adaptive 
response to the chemical defences employed by many trees (Glander 1981). Similarly, 
Pteropus are thought to avoid Lauraceous fruits high in phenolics and alkaloids (Eby 
1995, p. 31), and olfactory evaluation could help in this assessment by the bats.
The composition of odour mixtures associated with fruit ripening, flower and leaf 
maturation (Oldfield - unpublished data) are in constant change. As a result Pteropus 
need to have a high degree of plasticity in their odour preference mechanisms in order to 
accommodate such change. The exact meaning of the differences in preference patterns 
between the three species in this study is not yet understood, but social as well as odour 
factors are known to influence the development of food preferences (Stetter et al. 1995),
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therefore there is a need to integrate information on social behaviour in Pteropus with 
preference behaviour data.
10.2 Future Research?
This study involved observations and analysis of captive animals under controlled 
conditions. Any statements regarding their behaviour in the field should therefore be 
considered with caution until comparable data from the field are available. That does not, 
however, preclude comment on possible behaviours in the field. Speculation is fine as 
long as it is not portrayed as being definitive.
Preliminary field studies have already been performed on the emission of odour volatiles 
in bat preferred eucalypt species (Oldfield - unpublished data). Such studies are beset by 
many problems including characteristically small samples sizes (between trees), highly 
variable signals and responses and lack of control over the animals prior experiences 
(Quiatt & Reynolds 1993). The development of the investigation of Pteropus olfactory 
preferences will therefore probably remain within the laboratory where such factors can 
be controlled.
It is likely that further investigations involving operant conditioning to specific single 
odourants would only prove informative in determining comparative sensory thresholds 
between the three study species. Further studies should be driven by the need to 
understand the mechanisms by which the bats evaluate odour options as this might prove 
to be profitable in the search for olfactory agents acting to deter the bats from orchards 
(Eby 1995, p. 54). Furthermore it is important to understand the meanings of the 
differences in preference patterns between the three Pteropus species in this study. In this 
regard, the pursuance of rigorous quantitative GCO with those odour mixtures associated 
with preference intransitivity will prove invaluable in determining the degree to which 
each of the three Pteropus species are likely to switch preferences when stressed, or 
simply where working at the limits of threshold detection.
Finally we need to discover how these bats learn and gain information from odour 
mixtures. The information content and meaning of odour signals is a little explored field. 
The ability of Pteropus to detect profitable food patches is likely to improve as a function 
of previous encounters with the odours from preferred foods. This may be improved by 
conditioning of a bat's perception of odour mixtures from the food and social 
transmission of information regarding the food sources at the day roost site (Ward & 
Zahavi 1973; Wilkinson 1992). These bats do indeed live and succeed in a complex 
olfactory world. If the act of smelling is analogous to the act of thinking itself, as has 
been suggested, then these bats are to be respected.
There is clearly much to do in order to overcome the deficits in the knowledge-base which 
lead to the "guesswork" (Richards 1995) that pervades Pteropus behavioural and 
ecological research. Every addition to our knowledge-base however, is at least a step in 
the right direction. Now is the time to move on and explore.
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Fig. A.3.1 Arrangement and dimensions of main components of the chamber 
designed and used for the odour preference trials in large Pteropus species, 
(a = 100cm; b = 100cm; c -  100cm; d = 40cm; e = 35cm; f = 5cm; g = 5cm; h = 35cm; i = 35cm; 
j = 25cm; construction material 6mm "Plexiglass").
Month
Fig. A.3.2 Change in daylength as calculated for 149°E 25°S and used as the 
day/night reversal regime for captive studies on P. poliocephalus , 
P. sccipulatus and P. cilecto.
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Fig. A .6.1 Preference polygon for Pp06 as measured on a HDR decision variable, 
and distribution of line reversals required to produce circular triads*.
N°* Circular 
triads
N °- line 
reversals
Cumulative N°- Cumulative
decimal
0 23736 2.3736e+4 0.00000000
1 59328 8.3064e+4 0.00495100
2 153528 2.3659e+4 0.01410198
3 315904 5.5250e+5 0.03293133
4 582680 1.1352e+6 0.06766176
5 962960 2.0981e+6 0.12505865
6 1438404 3.5365e+6 0.21079421
7 1965832 5.5024e+6 0.32796693
8 2415912 7.9183e+6 0.47196651
9 2629704 1.0548e+7 0.62870908
10 2477300 1.3025e+7 0.77636766
11 1919440 1.4945e+7 0.89077520
12 1158376 1.6103e+7 0.95981979
13 4992323 1.6602e+7 0.98957634
14 143500 1.6746e+7 0.99812961
15 27816 1.6774e+7 0.99978757
16 3360 1.6777e+7 0.99998784
17 200 1.6777e+7 0.99999976
18 4 1.6777e+7 1.00000000
Lines removed from polygon = Ban-Pas, EtOH-Ora, Pea-Pap and Pas-EtOH = 4
18 triads detected after 1.6777 x 107 line reversals .*. number of circular triads expected
from random choice at 5% level = 8.3885 x 105 i.e. = <4 circular triads (cutoff point 
shown by dotted line in table). Experimental circular triads found from P. poliocephalus 
preference data:-
1. Man-Ora-Pap 2. Man-Ora-Pas 3. Man-Ora-Pea 4. Man-Ora-App
5. Man-Ora-Ban 6. Pap-App-Pas 7. Pea-App-EtOH
Experimental circular triads > Theoretical circular triads (5% level) Pp06 triads are 
deliberate and not due to random effects.
(* This method was used for calculaton of all theoretical triads numbers in all species, for both 8-node 
[Pp] and 9-node [Ps & Pa] polygons).
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Tab. A.3.1 Composition of 'Wombaroo' dietary supplement for use in the 
maintenance of flying-foxes throughout the study period.
Dietary component Composition (per IOO2 )
Protein
Carbohydrate
Fat
Vitamin A 
Vitamin D 
Vitamin B ] 2 
Vitamin E 
Vitamin C 
Calcium
50g
22g
12g
700|ig
long
15pg
15mg
100mg
1.6g
Energy content 21OOkJ
(ref: Collins - unpublished data; Kuring-gai Bat Colony Committee)
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Preliminary
By an orientation of a graph G , I mean an assignment of directions to all the edges in the 
graph. Since each edge may be directed in either of two directions, and all edges may be 
directed independently of each other, the total number of orientations is 2E , where E is 
the number of edges in the graph.
Any given triangle in G may or may not be cyclically ordered by any given orientation. 
Assertion
Let G be a graph with E edges and T triangles. Then the average number of cyclically 
ordered triangles is ^/4 (the average being taken over all orientations of G, each 
onentation being counted as equally likely).
Proof
There are 2E orientations of the G. Let us suppose that they have been indexed 
1 , 2 , . . . , 2E for reference.
For any particular orientation, the 1th say, we may count the number of triangles which 
have been cyclically ordered by that orientation; call this number C, . Then
IC
, I
the average number of cyclically ordered triangles = —— ,
2
where the sum is taken over z = 1 , 2 .........2E , i.e. all orientations of G .
Now suppose we construct a large matrix, with a row corresponding to each orientation 
and a column to each triangle (this supposes we have also indexed the triangles
1 , 2 .........T for reference). The matrix has 2E and T columns. We fill in the matrix
thus:
the ( i j )^  entry = 1 if the 1th orientation cyclically directs triangle j
= 0 otherwise.
Consider now row z of this matrix (corresponding to orientation z). This row contains a 1 
for each triangle cyclically ordered by that orientation and zeros elsewhere. Therefore the 
sum of that row (-  the number of l ’s it contains) is equal to the number of triangles which 
are cyclically ordered by that orientation, that is, C, . Therefore the sum of all entries in
the matrix (= the number of l ’s in the whole matrix) is equal to ZC, , the sum being taken 
as before over all 2E orientations. Therefore the average number of cyclically ordered 
triangles is given by
the sumof all entries in the matrix 
£
2
Now consider column j  of the matrix. This corresponds to a particular triangle, the j^
This column has an entry for every onentation, the entry being 0 or 1 depending upon 
whether that orientation cyclically orders triangle j or not. To order the triangle 
clockwise, the three edges which belong to the triangle must have a fixed direction, but 
the other E — 3 edges may have either direction, independently of each other; therefore 
there are 2£~3 orientations which order our particular tnangle clockwise. Similarly there
are 2£~3 orientations which order it anticlockwise. Thus there are 2£~3 + 2E~2 = 2E~2 
orientations which cyclically order it. It follows that there are exactly 2E~2 ones in column 
J ■
But this is true for every one of the T columns in the matrix, so the sum of all entries in 
the matrix is 2E~2T . Therefore
the average number of cyclically ordered triangles L
4
Txt. A.6.1 Proof for calculation of number of circular triads in an incomplete 
preference polygon, thus allowing in the design for bats to make indifferent, 
equal or null choices*.
(* Reproduced courtesy of Dr Martin Ward, Dept, of Mathematics, ANU)
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Txt. A.6 .2 Search strategy devised for visual search of preference polygons to 
identify experimental circular triads.
Consider the above polygon with n = 8 nodes (P. poliocephalus trials), each node representing one odour 
stimulus. The lines joining the nodes correspond to a comparison i.e a single preference trial. The 
following search strategy was used on every occasion to find circular tyriads in the experimental data.
Baselines:-
1. AB, BC, CD, DE, EF, FG, GH, HA = 8 baselines (9 for P. scapulatus and P. alecto), and 6 
possible triangles for each baseline.
valid triangles:-
AB > ABC, ABD, ABE, ABF, ABG, ABH 
BC > BCD, BCE, BCF, BCG, BCH 
CD > CDE, CDF, CDG, CDH, CD A 
DE > DEF, DEG, DEH, DEA, DEB 
EF > EFG, EFH, EFA, EFB, EFC 
EG > FGH, FGA, FGB, FGC, FGD 
GH > GHA, GHB, GHC, GHD, GHE 
HA > HAB, HAC, HAD, HAE, HAF
2. AC, BD, CE, DF, FH, GA, HB = 8 baseines (interval = 2) and 6 possible triangles for each 
baseline, but some are common to those in (1) and are are thus ignored.
valid triangles:- 
AC > ACE, ACF, ACG 
BD > BDF, BDG, BDH 
CE > CEG, CEH,
DF > DFH, DFA 
EQ > EGA, EGB 
FH > FHB, FHC 
GA > GAC, GAD 
HB > HBD, HBE
3. AD, BE, CF, DG, EH, FA, GB, HC = 8 triangles (interval = 3) and 6 possible triangles for each 
baseline, but some are common to triangles identified in (1) and (2) and are thus ignored.
.-. valid triangles:- 
AD > ADG 
B£> BEH 
GE > CFA 
DG > DGB 
EH > EHC 
EA> FAD 
GB > GBE 
HC > HCF
4. AE, BF, CG, DH = 4 baselines (interval = 4) and 3 possible triangles for each baseline, but all are 
common to (1), (2) and (3).
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Tab. A .7.1 Effect of decreasing relative concentration of most preferred odour on 
preference ratios for three different Pteropus species under controlled 
conditions.
Dilution of most preferred odour 
1.0 0.8 0.6 0.5
Duration
P. polio. 0.92 - - 0.50
P. scap. 0.75 - - 0.33
P. alec to 1.00 0.75 0.92 -
HDR
P. polio. 0.92 - - 0.50
P. scap. 0.92 - - 0.33
P. alecto 1.00 0.92 0.92 -
0.4 0.2 0.1 0.01 0.001 0.0001
Preference ratio^
- 0.33 0.58 0.75 0.42
- 0.58 0.50 0.25 0.42
0.75 0.58 0.58 0.33 0.33 0.50
- 0.33 0.42 0.58 0.42
- 0.42 0.66 0.42 0.42
0.75 0.42 0.58 0.33 0.33 0.50
(f number of times most preferred selected/ number of bats [Rachlin 19891)
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Tabs. A .7.2 (p. 279-284) Raw behavioural data for P. poliocephalus preference
trials (196 trials, n=6 bats)
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Tabs. A .7.3 (p. 286-291) Raw behavioural data for P. scapulatus preference trials
(216 trials, n=6 bats)
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T abs. A .7.4 (p. 293-298) Raw behavioural data for P. alecto preference trials (216
trials, n=6 bats)
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"Error ceases to be error when it is corrected"
Mahatma Gandhi
299
Responses to asterisked comments by Roger Coles in his report on ACO 
thesis:-
p. 26/ 1.38 Oldfield (1993) data is not included, on the advice of PhD supervisors, as it is 
a lengthy chemical analytical pilot study, additional to the main thesis, which 
is to be published separately.
p. 122 Legend to Fig. 6.4 should read:- "* rank total scores in Tab. 6.7 converted to 
a 0 -1 scale to enable bat species comparisons".
p. 122 Examiner has misunderstood the u-values in Tab. 6.9 and Tab. 6.17. The 11- 
values as stated in the thesis are correct. The range is -0.2 to +1.0. Dr Coles 
noted that some u-values were as low as -0.01 (and therefore by implication 
somehow outside of the stated range). A value of -0.01 will lie within the 
stated range, and therefore there is no correction needed to either Tab. 6.9 or 
Tab. 6.17.
p. 123 The ethanol effect showed that the bats detected the ethanol alone as distinct 
from "ethanol + fruit odour stimulus". Dr Coles is correct in his assumption 
that ethanol does have the potential to interact with each fruit odour. If 
ethanol did interact, then one would expect the frequency of occurrence of 
circular triads to be significantly affected in odour pairs involving ethanol. 
Examination of the data in Tabs. 6.11, 6.20 and 6.21 (p. 126, p. 151 and p. 
152 respectively) shows that ethanol is involved in only 1 of 5, 4 of 18 and 2 
of 3 pairs (Tabs. 6.11, 6.20 and 6.21 respectively) in high and low incidence 
groups (shaded areas in tables). Further investigation of Tab. 6.21 indicates 
that although ethanol appeared in 2 of 3 circular triad "pairs", the remaining 6 
appearances of ethanol in paired comparisons were within ±1 std dev. of the 
mean number of pairs observed. The overall conclusion is that ethanol did 
not significantly interact with the fruit odours to cause an adverse effect on the 
incidence of circular triads.
p. 140 Tab. 6.17 did show good agreement between individuals of P. aiecto on the 
basis of HDR. I have revised the opening sentence of para. 3 to remove the 
confusion. It now reads:- " Further analysis of odour preference ranks 
revealed large differences in levels of agreements "across bats within species" 
for P. scapulatus , compared with good agreement on the same measure for 
P. aiecto ".
Dr Coles' comment regarding the u-value range has been dealt with in 
responses to his comments for p. 122 above.
p. 141 Legend to Fig. 6.6 should read:- "* rank total scores in Tab. 6.15 and Tab. 
6.16 converted to a 0 -1 scale to enable bat species comparisons".
p. 161/ 1.23 On 1.23 after "mango/ peach pair" in parentheses I refer the reader to 
"...Tab. 6.16, HDR measure". This is the key to determining the odour pair
for selection, as it was the fruit stimulus odour pair with the largest preference 
score that was selected. The proximity scale in Fig. 6.6, to which Dr Coles 
refers is one based on the end totals from Tab. 6.16, which represents the 
sum of pair scores for a fruit odour stimulus in several comparisons, not a 
single odour pair score. On this basis, mango/ peach has the highest single 
fmit odour pair score of 5.5, and hence was selected for the concentration 
trials.
p. 164 The important observation in the Figs. 7.1 a-c and Tab. A.7.1, is that 
preference ratios changed and that a concentration effect was likely. This was 
stated on p. 167 1. 24. In the absence of any published olfactory threshold 
data for Australian Pteropus, it was considered relevant to mention at this 
point where future threshold studies might be directed, in addition to allowing 
some preliminary comment on species performances (ref. p. 167 1. 26-31).
Tab. A.7.1 was in the main body of the thesis in the original submission. It 
was removed to the Appendices on the advice of all examiners at the oral 
examination and in their written reports.
p. 176/1.31 An interference model could work by growing fruit trees according to 
frequency of occurrence in "high incidence" circular triads. For example, 
Aromatic Citrus and apple trees could be planted as companion crops to 
discourage attacks by P. scapulatus (ref. Tab. 6.20 for high frequency 
group). Another approach could be to deliver fmit odour mixture 
concentrates through air pumps (ref. Stager 1964), close to target fmit crops, 
in an attempt to divert bat activity during a feeding visit to an orchard.
This thesis has produced data to raise the possibility that a "fundamental 
change in philosophy" is possible under this new model. I proposed that the 
next step in the research into bat odour-active agents should concentrate on 
field trials to investigate delivery methods.
p. 179 Dr Coles is correct. The main Finding is that there is no relationship between 
number of volatiles and odour preference. This is simple but very important. 
The area underneath GC peaks is also correlated with concentration of those 
peak components and so, by implication, the odour preferences are not 
correlated with total volatile concentration of the stimulus mixtures.
This indicates that the bats are not simply responding solely to concentration 
or intensity attributes of an odour mixture. The assumption that bats respond 
to odours because they dominate in terms of intensity or concentration, has no 
basis as a result of this study. In addition, section IV aimed to establish that 
the quality of the odour stimuli used was sufficiently representative of real- 
fruit so as to allow for comment related to behaviour of bats in relation to real 
fruit.
